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ABSTRACT
Collective magnetic behavior in nanostructures is a phenomenon commonly
observed in various magnetic systems. It arises due to competing inter/intra-particle
interactions and size distribution and can manifest in phenomena like magnetic freezing,
magnetic aging, and exchange bias (EB) effect. In order to probe these rather complex
phenomena, conventional DC and AC magnetic measurements have been performed
along with radio-frequency transverse susceptibility (TS) measurements. We also
demonstrate the magnetic entropy change as a parameter sensitive to subtle changes in
the magnetization dynamics of nanostructures. The focus of this dissertation is to study
the collective magnetic behavior in core-shell nanostructures of Fe/γ-Fe2O3 and Co/CoO,
La0.5Sr0.5MnO3 nanowires, and LaMnO3 nanoparticles.
In the case of core/shell Fe/γ-Fe2O3, we found the particles to critically slow down
below the glass transition temperature, below which they exhibit aging effects associated
with a superspin glass (SSG) state. We demonstrate that it is possible to identify
individual magnetic responses of the Fe core and the γ-Fe2O3 shell. Consistently, a
systematic study of the magnetocaloric effect (MCE) in the Fe/γ-Fe2O3 system reveals the
development of inverse MCE with peaks associated with the individual magnetic freezing
of the core and the shell. From these obtained results, we establish a general criterion for
EB to develop in core/shell nanostructures, that is when the core is in the frozen state and
the magnetic moments in the shell begin to block. This criterion is shown to be valid for
x

both

ferromagnetic/ferrimagnetic

(FM/FIM)

Fe/γ-Fe2O3

and

ferromagnetic/antiferromagnetic (FM/AFM) Co/CoO core-shell nanostructures. We also
elucidate the physical origin of the occurrence of asymmetry in field-cooled hysteresis
loops and its dependence on magnetic anisotropy in the Co/CoO system by performing a
detailed TS study.
We have performed a detailed magnetic study on hydrothermally synthesized
single crystalline La0.5Sr0.5MnO3 nanowires. The temperature and field dependent
evolution of the different magnetic phases leading to development of the inverse MCE
and EB in the nanowires is discussed. Finally, we have studied the collective magnetic
behavior of LaMnO3 nanoparticles synthesized by the sol-gel technique. The nanoparticle
ensemble shows the unusual co-existence of super-ferromagnetism (SFM), as well as the
SSG state, which we term the ‘ferromagnetic superglass’ (FSG) state. The existence of
FSG

and

the

characteristics

of

its

magnetic

xi

ground

state

are

discussed.

CHAPTER 1
INTRODUCTION
1.1 Objective
The study of nanostructured magnetic materials has been an area of intense
research over the past several decades. Recent advancements in chemical synthesis routes
have allowed us to design and synthesize nanostructures with a narrow size distribution
for various applications. Although significant experimental and theoretical efforts have
been made to understand the fascinating properties of magnetic nanostructures, certain
fundamental questions remain to be answered.
In this thesis, we primarily attempt to answer the following questions:
(i)

What are the criteria for the onset of EB effect in core/shell nanoparticles?

(ii)

How is the development of asymmetric lobes in field-cooled (FC)
hysteresis loops related to the magnetic anisotropy of core/shell
nanostructures?

(iii)

Is it possible to deconvolute the magnetic behavior of the core and the
shell?

(iv)

How do the magnetic properties of half-doped manganites change when
synthesized in their 1-dimensional form, i.e. nanowires?

(v)

Are all possible collective states of nanoparticle ensembles known?

1

As will be discussed in subsequent chapters, in the process of finding answers to
the above questions, we have learned about other properties of magnetic nanostructures.

1.2 Overview
In this section, we present an outline of the chapters contained in this thesis.
Chapter 1: The motivation and a chapter-wise overview of the research conducted
are presented.
Chapter 2: A brief introduction to the fundamentals of magnetization processes
like supermagnetism, spin glass, exchange bias effect, and magnetocaloric effect in
nanostructures is provided.
Chapter 3: In this chapter, a brief overview of the instruments used for material
characterization, and the working principal of instruments used for magnetic
measurements are presented.
Chapter 4: A detailed study is presented on Fe/γ-Fe2O3 core-shell structured
nanoparticles (mean size ~ 10 nm) to understand the spin dynamics of the core and shell
independently and their role in triggering exchange bias (EB) phenomenon. The particle
dynamics critically slow down at Tg ~ 68 K below which they exhibit memory effect in
FC and ZFC protocols associated with a superspin glass state (SSG). The field
dependence of mean blocking temperature fits the de Almeida-Thouless line and shows
two different linear responses in the low and high field regimes corresponding to the core
and shell respectively. We show that the energy barrier distribution estimated from the
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temperature decay of isothermal remanent magnetization shows two maxima that mark
the freezing temperatures of the core (Tf-cr ~ 48 K) and shell (Tf-sh ~ 21 K). Lastly,
hysteresis measurements after field cooling reveal strong EB indicated by a loop shift
associated with unidirectional anisotropy. The onset of EB occurs at 35 K when the
ferromagnetic core is frozen and the moments in the ferrimagnetic shell begin to block
resulting in enhanced exchange coupling.
The development of positive magnetic entropy change in the case of
ferromagnetic (FM) nanostructures is a rare occurrence. We observe positive magnetic
entropy change in core/shell (Fe/γ-Fe2O3) and hollow (γ-Fe2O3) nanoparticles and its
origin is attributed to a disordered state in the nanoparticles due to the random
distribution of anisotropy axes which inhibits any long range FM ordering. The effect of
the energy barrier distribution on the magnetic entropy change and its impact on the
universal behavior based on rescaled entropy change curves for core/shell and hollow
nanostructures is discussed. Our study emphasizes that the magnetic entropy change is an
excellent parameter to study temperature and field dependent magnetic freezing in such
complex nanostructures.
Chapter 5: The origin of asymmetry in field cooled (FC) hysteresis loops
exhibiting exchange bias (EB) is investigated by studying the static and dynamic
magnetic properties of core-shell Co/CoO nanoparticles. Two distinct freezing
temperatures coresponding to the core (Tf-cr ~ 190 K) and the shell moments (Tf-sh ~ 95
K) are obtained from the energy barrier distribution. The FC loops are symmetric in the
temperature range Tf-sh

T

Tf-cr, however asymmetry in hysteresis is observed

immediately below Tf-sh. These intriguing features are also probed by radio frequency
3

transverse susceptibility (TS) experiments. We show that the first anisotropy fields
obtained from the demagnetization and return curves of field cooled TS measurement,
shift along the negative field axis and strikingly resembles the temperature dependence of
EB. Field cooled TS measurements reveal the effect of competing Zeeman and
anisotropy energies above and below Tf-sh to account for the development of asymmetry.
Our study indicates that asymmetry in FC hysteresis loops is intrinsic to core-shell
nanoparticles and develops only below the freezing temperature of the shell due to
enhanced magnetic anisotropy.
Chapter 6: In this chapter, we report the first observation of inverse
magnetocaloric effect (IMCE) in hydrothermally synthesized single crystalline
La0.5Sr0.5MnO3 nanowires. The core of the nanowires is phase separated with the
development of double-exchange driven ferromagnetism (FM) in the antiferromagnetic
(AFM) matrix, whereas, the surface is found to be composed of disordered magnetic
spins. The FM phase scales with the effective magnetic anisotropy which is directly
probed by TS experiments. The surface exhibits a glassy behavior and undergoes spin
freezing which manifests as a positive peak (TL ~ 42 K) in the magnetic entropy change
(–ΔSM) curves, thereby stabilizing the re-entrance of conventional magnetocaloric effect.
Precisely at TL, the nanowires develop the EB effect. Our results conclusively
demonstrate that the mere coexistence of FM and AFM phases along with a disordered
surface below their Néel temperature (TN ~ 210 K), does not trigger EB, but, develops
only below the surface spin freezing temperature.
Chapter 7: Understanding the collective behavior of magnetic nanoparticle
ensembles is fundamentally important for designing various applications and has
4

therefore attracted intense research in recent years. We show the emergence of a new
magnetic

state

called

the

‘ferromagnetic

superglass’

which

exhibits

both

superferromagnetic as well as superspin glass like behavior. The criteria for identifying
this new collective phase from the existing collective states are discussed.
Chapter 8: We summarize the main results presented in the thesis, and also point
to possible future work to further our understanding on the magnetization processes in
such nanostructures.
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CHAPTER 2
MAGNETISM IN NANOSTRUCTURES
In this chapter, we provide an overview of the fundamental aspects of magnetism
in nanostructures.
2.1 Magnetic interactions
2.1.1 The single domain limit
It is well known that the occurrence of magnetic hysteresis in case of bulk FM
materials can be explained by the formation of magnetic domains and by the motion of
domain walls, which separate them. The formation of domains and domain walls is to
minimize the net free energy, which depends on the magnetostatic (proportional to the
volume of the material) and domain wall (proportional to the surface area) energy. For a
magnetic material, upon size reduction to the nanometer scale, a situation may arise
where the formation of domains may become energetically unfavorable due to the
domain wall energy. Such a condition can be called the single domain limit for that
particular material, below which the sample consists of particles with a single uniformly
magnetized domain. The radius (RC) corresponding to the critical single domain limit for
a material is given by Eq. 2.1:

⁄

(2.1),
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where A and K are the exchange and uniaxial anisotropy constants respectively,
is the permeability of vacuum, and MS is the saturation magnetization of the bulk
material [1]. The RC values of some common materials are listed in Table 2.1[2].
Table 2.1 Estimated values of radius for single domain limit of different
materials
Material

Fe

Co

γ-Fe2O3

SmCo5

RC (nm)

15

35

30

750

2.1.2 Interactions between nanoparticles
In the single domain limit, the inter-particle and intra-particle interactions play a
vital role in determining the magnetic responses for an ensemble of nanoparticles. The
interaction strength between nanoparticles modifies the energy landscape. Hence it is
essential to identify the different energy contributions, namely, anisotropy energy,
Zeeman energy and dipolar interaction energy. The total energy for an ensemble of
nanoparticles is the sum of these contributions,
∑

∑

∑ ∑

(2.2),

where, for the ith particle, the anisotropy energy term is
| |

, and the Zeeman energy term is

. The magnetic dipole energy

between two particles i, and j separated by a distance rij is given by
. Here

is the magnetic moment, and
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is the volume

corresponding to the ith particle. For nanoparticles under experimental conditions, in
addition to the uniaxial crystalline anisotropy, contributions from the surface, shape and
strain anisotropy have drastic effects on the magnetic properties as we will see later in
this dissertation. Also, various other interactions such as exchange interactions [3],
Ruderman-Kittel-Kasuya-Yosida

(RKKY)

interactions

[4]

and

superexchange

interactions can factor into the magnetic response of the nanoparticles. In case of
manganites, the double-exchange (DE) and superexchange (SE) interactions influence the
stabilization of ferromagnetic and antiferromagnetic ordering, as we will discuss in
section 2.4, and also in chapter 6.
2.1.3 Spin glass
The formation of a spin glass state below a certain temperature in nanostructures
is very often seen. In this section, we briefly discuss the characteristics of a spin glass
with respect to a bulk material, and how it evolves in magnetic nanoparticles. Spin glass
is a metastable state which arises in a material due to randomness and frustration of spins.
The magnetic frustration in a material can develop due to uncompensated spins, or from
the competition between nearest neighbor and next nearest neighbor interactions.

Figure 2.1 Schematic diagram of a magnetically frustrated triangular
lattice.
8

In Figure 2.1, an antiferromagnetic triangular lattice is shown which is
intrinsically frustrated. Energetically, the orientation of the third spin in the ‘up’ or
‘down’ direction is indistinguishable. Hence, there exists degeneracy in the energy
ground state, and the system is magnetically frustrated. In another scenario, if one
introduces magnetic impurities in an otherwise non-magnetic material, then as a result of
the interactions with varied strengths due to the random positioning of the magnetic
atoms, the system remains magnetically disordered. If the temperature of such a system is
lowered, it has been observed that below a certain temperature the magnetic spins enter
into an irreversible state (i.e. magnetization reversal becomes critically slow) which is
associated with cooperative spin freezing. This temperature for a material is called its
spin glass transition temperature. Below this temperature, the glassy nature of the
material is thought to originate due to the independent slowing down of the spins, and the
consequent formation of locally correlated units called droplets, clusters or domains.
Several theories like the Sherrington-Kirkpatrick (SK) model [5], the Edwards-Anderson
(EA) model [6], the hierarchical model, the droplet model, and the fractal-cluster model
have been proposed to understand the spin glass behavior [7].
It should be mentioned that spin glasses can be of primarily three kinds, namely,
(i) canonical spin glass, (ii) cluster glass, and (iii) surface spin glass. A canonical spin
glass is usually formed by noble metals (Au, Ag, Pt, Cu), which are weakly doped with
3d transition metal ions such as Fe, or Mn [8]. Since the magnetic impurities are placed
within a conducting matrix, the magnetic interaction is usually RKKY type. As a result of
the random placements of the spins in the host metal, some spin-spin interactions may be
positive (favoring parallel alignment), while others may be negative leading to an anti9

parallel alignment. This leads to a magnetic frustration. For a system which exhibits
phase separation, such that FM clusters grow within an AFM matrix, it may be possible
that the finitely correlated small FM domains interact with one another leading to a glassy
state which is called cluster glass type. The glassy dynamics in such materials is sensitive
to the average FM cluster size, which in turn depends on the temperature and external
magnetic field. In case of nanostructures, where the surface effects become significant, it
are common to observe magnetic frustration arising due to broken symmetry of the
surface spins which manifests into what is called a surface spin glass [9-11]. The
exchange interaction between the surface spins and the core moments (below the glass
transition temperature) of the nanostructures can trigger the exchange bias effect which
will be discussed later.
The different classes of spin glass can be distinguished by investigating the
characteristic relaxation time as extracted from the Neel-Arrhenius and the Vogel-Fulcher
models. Details of these models are given in section 3.2.2. Also, one can estimate the
critical exponent, and hence the correlation length of the spins following the scaling
theory of spin glasses as proposed in the fractal-cluster model (see section 4.4).
Interestingly, the concept of spin glass as understood in case of bulk materials by
considering atomic spins, can be extended to magnetic nanoparticles, where the atomic
spins are replaced by ‘superspins’ which is discussed in the following section.
2.1.4 Supermagnetism
The last decade has witnessed a growing interest in research on the collective
behavior of single domain magnetic nanoparticles giving rise to the field of
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‘Supermagnetism’ [12]. One can associate a large magnetic moment (few hundred to a
few thousand μB) with each nanoparticle, which is called a ‘superspin’. Depending on the
strength of inter-particle interactions, an ensemble of superspins can exhibit three
different magnetic states : (i) Superparamagnetism, (SPM) for the case of no interaction,
(ii)

superspin

glass

(SSG)

for

intermediate

interaction

strengths,

and

(iii)

superferromagnetism for highly interacting superspins [12]. However, some recent
experimental studies have revealed a crossover random field domain state (RFDS), for
materials which behave as SSG at low temperatures and SFM at higher temperatures
[13].

Figure 2.2 Experimental phase diagram of DMIMs with nominal
thickness tn, and phases SPM, SSG, SFM and RFDS. Taken from
reference [14].
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The interaction strength between nanoparticles can be controlled by various
factors like size, inter-particle distance, presence or absence of surfactant layers, nature of
embedding matrix, magnetic field, temperature, etc. Extensive studies based on magnetic
relaxation, ac susceptibility, and magnetic imaging have been performed to identify and
characterize the above mentioned ‘supermagnetic’ states [14]. Figure 2.2 shows a phase
diagram obtained by performing systematic studies on discontinuous metal-insulator
multilayers (DMIM) with the composition [Co80Fe20(tn)/Al2O3(3nm)]. Here, the Co80Fe20
nanoparticle size was found to be correlated to the nominal thickness (tn). The phase
diagram illustrates the different regimes of magnetic behavior obtained by changing the
particle size, and hence interaction strengths [14]. Despite this, due to the inherently
complex nature of nanostructures, a complete knowledge of all the possible collective
states, and their behavior, is still evading.
2.2 Exchange bias effect
The phenomenon of exchange bias (EB) has generated a lot of research interest
over the last five decades [15-21]. When an antiferromagnetic (AFM) material in contact
with a ferromagnetic (FM) material with a well-defined interface is field cooled down
below its Neél temperature TN, an additional anisotropy is induced in the FM material.
This manifests as a negative shift in the hysteresis loop along the magnetic field axis,
which is called the exchange bias effect. Figure 2.3 shows a typical EB shifted hysteresis
loop. The exchange bias field HEB is defined as,
|

|

(2.3),

where HC1 and HC2 are the two coercive fields.
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Figure 2.3 Schematic of a shifted EB loop with coercive fields HC1 and
HC2.
EB has been reported in thin films with a conventional FM-AFM interface[22],
and also in other magnetic nanostructures having ferrimagnetic (FIM) domains [10], spin
glasses [23] or surface spin disorder [11]. In the case of thin films, the origin of EB is
well understood and is attributed to the unidirectional anisotropy developed at the FMAFM interface due to pinning of magnetic moments. Recent experiments have also
demonstrated EB in the case of samples having a FM layer in contact with a spin glass
layer [24, 25]; layered nanoparticle/ferromagnetic structures where various models have
been suggested to explain the origin of EB [26]. Different theoretical models like the
Meiklejohn-Bean (MB) model [27], the Mauri-AFM spring model [28], the Malozemoff
model [29], and the Seuss interacting grain model [30, 31] have been developed to
explain the EB effect.
Core-shell nanoparticles with a conventional FM (core)/AFM (shell) and more
recently “inverted” AFM (core)/FM (shell) have also been studied and the general
consensus to explain EB is the freezing of interfacial spins or the growth of droplets with
13

uncompensated spins [32-34]. It is common to notice a vertical shift in the EB loops
accompanied by an increase in the coercive field as compared to the ZFC hysteresis
loops. Atomistic Monte Carlo simulations based on a simple model of a core/shell
nanoparticle have revealed that by tuning the values of microscopic parameters such as
anisotropy and exchange constant of the shell and the core along with that of the
interfacial spins, one can achieve qualitative agreement with the obtained macroscopic
experimental values [18, 35]. It was shown that the shift in the EB loops was related to
the presence of uncompensated spins at the shell interface. The simulations provided
insights into the observed asymmetry and vertical shift in the EB loops, and attributed
such features to different reversal mechanisms in the two loop branches due to the
presence of a fraction of interfacial spins that were aligned transverse to the external field
direction [35].
Several experimental as well as theoretical studies have been conducted to
understand the role of particle size (core size relative to shell thickness), the effect of
cooling field, and the influence of interfacial roughness on the EB effect. However, the
effect of inter-particle interactions, particle size distribution, interface roughness, particle
shape, and presence of impurities on the EB effect is still elusive and remains to be
understood from a fundamental point of view, and also from an application perspective.
In this dissertation we experimentally investigate the effect of magnetic freezing on EB
for core/shell nanostructures and nanowires.
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2.3 Magnetocaloric effect
Magnetocaloric effect (MCE) in nanoparticles has attracted much research
interest both from the experimental and theoretical point of view [36],[37],[38]. In a
conventional MCE material, the application of a magnetic field causes a reduction in the
magnetic entropy and hence a drop in temperature is recorded when the sample is
adiabatically demagnetized. In certain materials, an opposite trend can also be seen,
where the magnetic entropy can be enhanced by applying a magnetic field. This
phenomenon is called “inverse magnetocaloric effect” (IMCE) [39]. Lately, much
impetus has been given to the development of prospective magnetic refrigeration based
on MCE.

From the fundamental perspective, investigating the magnetocaloric

parameters of a material provides insights into the complex magnetic phases present in
the system, which may not be evident by just studying DC magnetization [40, 41]. There
have been several studies on the MCE in nanostructured complex oxide manganites [41,
42], clathrates [43], inter-metallic compounds [44] and ferrites [45, 46].
Below we provide a brief theoretical background of MCE. For any given
magnetic material, the Gibbs free energy (G) can be expressed as
(2.4),
where U is the internal energy, S is the total entropy, V is the volume, M is the
magnetization of the material, and T, H, p is the temperature, magnetic field and pressure
respectively. By taking a derivative of G with respect to T, and keeping p, H constant, we
obtain the total entropy
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( )

(2.5).

The total entropy change for a magnetic material has three components, (i) lattice
entropy change
change

, (ii) magnetic entropy change

, and (iii) electronic entropy

as given in Eq. 2.6:
.

(2.6)

When an external magnetic field is applied to a FM material (at constant T and p),
as the magnetic moments align parallel to the field direction, the magnetic entropy
decreases, and in turn the lattice entropy increases to satisfy Eq. (2.6). When the magnetic
field is removed, due to the randomization of the magnetic moments the magnetic
entropy increases resulting in a decrease of the lattice entropy. For an AFM material, the
application of external magnetic field increases the magnetic entropy thereby decreasing
the lattice entropy and vice versa. The lattice entropy change is directly related to the
local temperature of the sample. Since entropy is a state function, it can be expressed as
Eq. 2.7:
( )

( )

( )

(2.7)

Under isobaric (dp = 0) and isothermal (dT = 0) conditions, only the magnetic
entropy change is accounted for, which can be related to the M and T via the Maxwell
relations:
( )

(

) .

(2.8)

Hence, magnetic entropy change due to an applied field HMax, can be given by,
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∫

(

)

(2.9)

Typically, a family of isothermal curves is recorded, and then using Eq. 2.9, the
curves are calculated. The objective of MCE study in this dissertation is to use
the

as a parameter sensitive to magnetic changes and transitions. In chapters 4

and 6, we evaluate the

curves to obtain insightful information about core/shell

nanostructures and nanowires respectively. We also demonstrate the applicability and
failure of certain universal laws in

for such materials.

2.4 Manganites
In this section, we introduce a class of materials called manganites which are
studied in their nanostructured forms in chapters 6 (La0.5Sr0.5MnO3) and 7 (LaMnO3).
The rare-earth based manganites with general formula R1-xBxMnO3 (R- rare-earth, Bbivalent atom) have been a topical area of research ever since the discoveries of some
extraordinary phenomena exhibited by these materials such as colossal magnetoresistance
(CMR), charge ordering (CO), giant magnetocaloric effect (GMCE), etc. [47, 48]. There
exists an intriguing correlation between the electronic, magnetic and structural properties
of these systems. Furthermore, because of their CMR and GMCE, these materials are
considered potential candidates for applications in magnetic refrigeration and in magnetoelectronic devices [49]. Recent reports reveal that the properties of manganites are
markedly modified as a consequence of nanostructuring [50].
The parent compound (RMnO3) is known to be A-type antiferromagnetic in the
bulk form as in the case of LaMnO3. It was shown that depending on the synthesis
procedure and annealing temperature, cationic vacancies could be introduced in the
17

stoichiometric compound, which originates from the occurrence of Mn4+ cations. The
oxygen stoichiometry of the sample depends on the Mn3+/Mn4+ concentration which
strongly affects the magnetic ordering transition temperatures, crystal structure and
exchange energy scales within the material. In Figure 2.4 we show the crystal structure of
an ideal cubic perovskite lattice.

Figure 2.4 Cubic perovskite phase: Mn3+/Mn4+ (green) occupy the center
of the cube (B site); the oxygen atoms (red) form octahedron around the
Mn3+/Mn4+; the rare earth bivalent atoms (blue) form the corners of the
cube (A site). Taken from reference [51].
The ideal cubic structure gets distorted, and the extent of distortion can be
parameterized
〈 〉
,

by
⁄ √

the

Goldschmidt

tolerance

factor

(t)

expressed

as

. Here, 〈 〉 is the average radii of the A site cation, and

are the radii of oxygen and manganese respectively. The crystal structure of a

compound is cubic for t = 1, rhombohedral for 0.96 < t < 1, or orthorhombic for t < 0.96.
This inherent distortion in the MnO6 octahedra is due to the crystal field splitting by way
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of which the five-fold degeneracy of the Mn (3d) valence orbitals is lifted. The origin of
the crystal field splitting is attributed to Coulombic repulsion. Due to the cubic
symmetry, the dxy, dyz, dzx orbitals are similarly affected, thereby forming a triplet t2g. The
(3z2 - r2), and (x2-y2) orbitals form a doublet (eg). Figure 2.5 illustrates the splitting of the
valence orbitals into the t2g (triplet) and eg (doublet) levels. Since the orbitals of the
doublet point in the direction of the negative oxygen anion, they have higher energy (due
to Coulombic repulsion) than the triplet.

Figure 2.5 Schematic representation of the crystal field splitting of the d-levels of
Mn ion. (a) corresponds for cubic, and (b) corresponds for tetragonal environment
with lattice spacing c greater than a and b. Taken from reference [52].
For a tetragonal lattice (a=b c) structure, the t2g and eg orbitals further split
resulting in an elongated octahedral as shown in Figure 2.5(b). In the case of a system
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with only Mn3+ ions (for example LaMnO3), there are four electron in the valence band.
According to the Hund’s rule, the first three electrons occupy the t2g orbital, and only one
electron resides in the eg orbital. The crystal structure modifies by distorting itself to lift
the degeneracy of the t2g and eg orbital. This is called the Jahn-Teller (JT) distortion. The
rare earth elements occupying the A sites can be controllably doped by bivalent alkali
metals, which results in a further distortion in the crystal structure due to a difference in
the atomic radii. It has been shown that the introduction of bivalent atoms increases the
Mn4+ ions, thereby diluting the JT effect, and for a doping of over 33%, only local
distortions are present, and the cooperative JT ordering vanishes [53].
The t2g electrons (core) overlap less with the p-orbitals of the neighboring oxygen
atom, however the eg electrons form a greater overlap, and are responsible for the
development of both ferromagnetism and antiferromagnetism by two different
mechanisms as will be discussed below.

Figure 2.6 Schematic diagram showing superexchange interactions
resulting in antiferromagnetic coupling between the Mn ions. Taken from
reference [51].
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The coupling between the two next-to-nearest neighbor cations (in this case Mn3+)
via a non-magnetic anion (oxygen) is called the superexchange (SE) interaction. In the
case of a partially filled eg orbital of a Mn3+ ion, and a neighbouring oxygen atom (fully
filled orbitals), the electron from the p-orbital of the oxygen can be shared with the eg
orbital, antiparallel to each other (shown in Figure 2.6). As a result of this, the overall
spin arrangement leads to an antiferromagnetic coupling between the next-to-nearest
Mn3+ atoms. Since there is no transfer of electron involved in the SE interaction, it
stabilizes the insulating AFM phase.

Figure 2.7 Schematic diagram showing the double-exchange interaction
between Mn3+ and Mn4+ ions. Taken from reference [51].
For a chemically doped compound, as the Mn4+ ion concentration increases, the
interaction between the Mn3+ and Mn4+ ions occurs via the simultaneous electron transfer
from the eg orbital of Mn3+ to the oxygen p-orbital, and from the oxygen p-orbital to the
eg orbital of the Mn4+ ion. This is called the Zener double-exchange (DE) interaction and
is schematically shown in Figure 2.7. Due to a strong Hund’s coupling, the electron
hopping amplitude of the eg electrons depends on the angle between the corresponding t2g
21

orbitals since the eg spin direction is enslaved to the t2g spins on the same site, and the eg
electron conserves its spin direction on intersite hopping. The intersite hopping
probability is maximum when the t2g spins in Mn3+ and Mn4+ are parallel to each other
(i.e. FM coupling). Hence DE interaction stabilizes metallic FM ordering. However, the
DE mechanism fails to explain FM behavior in insulating materials with low conduction
band width such as La0.7Ca0.3MnO3.
The study of magnetism in manganites involves another intriguing phenomenon
called charge ordering associated with phase separation which is usually a first order
transition. We will not delve deeper into manganites, but use the information provided
above to comprehend the two nano-manganite systems discussed in this thesis, namely
LaMnO3 and La0.5Sr0.5MnO3.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES
In this chapter, we briefly discuss the different experimental techniques used to
characterize the physical and magnetic properties of nanostructures studied in this thesis.
First, the different electron microscopy techniques along with the powder X-ray
diffraction method used to examine the structural morphology, and crystallographic
phase formation of the nanostructures are described. Then, we introduce the working
principle of three different magnetometry based measurement techniques, which are
incorporated in the Model 6000 Physical Property Measurement System (PPMS).
3.1 Structural and morphological characterization
3.1.1 Transmission electron microscopy (TEM)
The resolution capabilities of an optical microscope are limited by the wavelength
of light in the visible range. The transmission electron microscopy technique was
developed based on the idea that the interaction between the sample and electrons with
wavelength smaller than visible light, provides higher resolution so as to detail features
even as small as a single column of atoms. This technique usually combines the high
resolution imaging with elemental microanalysis and electron diffraction, so that a
complete characterization of the shape, size, chemical composition and crystalline
structure of a nanostructured material is achieved.
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In a TEM, an electron gun, located at the top of it, emits the electrons by
thermionic or field emission. These electrons travel through vacuum in the column of the
microscope where electromagnetic lenses focus them into a very thin beam. The electron
beam then travels through the specimen under study. At the bottom of the microscope,
the image is formed on the image plane of objective lens from the unscattered electrons.
Then, projector lenses form the images on a screen or CCD camera.
All the samples discussed in this thesis were imaged by TEM. The nanostructures
(nanoparticles, nanowires, core/shell, or hollow particles) were first dispersed in a
solvent, and separated by ultra-sonication. This is a very important step, because the
quality of image formed in a TEM is highly sensitive to sample thickness. Hence, any
agglomeration of the nanostructures will appear as an opaque object to the electrons, and
will result in loss of details. One drop of the ultra-sonicated nanoparticle dispersion is
then allowed to dry on a copper mesh grid with carbon lining. When the grid is
completely dry, it is then exposed to the electron beam inside the TEM.
Three different TEMs were used to image different samples studied in this thesis.
(i)

FEI Morgagni TEM (Figure 3.1(a)) with a 1.4 MPixel side-mount camera and a
16.7 MPixel bottom mount camera housed in the biology department at USF. The
microscope is capable of subnanometer resolution and magnification of almost
1.5 million X. This instrument was used to image Fe/γ-Fe2O3, and Co/CoO the
core/shell nanoparticles in chapter 4 and 5 respectively.

(ii)

200 KV Tecnai G2 TF-20 TEM (Figure 3.1(b)) equipped with a FEG source,
housed at S. N. Bose National Center for Basic Sciences, Kolkata, India. This
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instrument is capable of performing energy dispersive spectroscopy (EDS), and
electron energy loss spectroscopy (EELS), and high resolution TEM (HRTEM).
The La0.5Sr0.5MnO3 nanowires in chapter 6 were imaged and characterized by this
instrument.
(iii)

Tecnai F20 TEM (Figure 3.1(c)) housed at Nanotechnology Research and
Education Center (NREC) at USF, is capable of performing EDS and HRTEM.
The LaMnO3 nanoparticles studied in chapter 7 were imaged by this instrument.

(a)

(c)

(b)

Figure 3.1 Images of the microscopes used (a) FEI Morgagni TEM, (b)
Tecnai G2 TF-20 TEM, and (c) Tecnai F20 TEM.
3.1.2 Scanning electron microscopy (SEM)
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Scanning electron microscopy is a useful technique to study the surface
morphology and to perform elemental analysis of thin films and nanostructures. In this
technique, an electron beam is made incident on the sample after focusing through a
series of electromagnetic lenses. On receiving the high energy electrons, the atoms on the
surface of the sample get excited and as a result emit secondary electrons, which are
collected as a function of angle to reconstruct an image of the surface. An advantage of
this technique is that, owing to the very narrow electron beam size, SEM micrographs
have a large depth of field yielding a characteristic three-dimensional appearance. This is
helpful in understanding the sample surface structure. However, SEM is not very useful
for materials which are insulating or non-conducting, because accumulation of electrons
on the surface results in image distortion or charging effects.
Typically, a powder sample is smeared on a carbon tape, and introduced into the
instrument for imaging. A copper tape is attached to one side of the sample on the carbon
tape to conduct electrons that may accumulate in case of a non-conducting powder
sample.
The following SEM instruments were used to investigate samples included in this
thesis.
(i)

Tungsten filament JEOL JSM-6390LV SEM (Figure 3.2 (a)), housed in the
physics department at USF. The LaMnO3 nanoparticles studied in chapter 7
were investigated using this instrument.
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(ii)

Tungsten filament Quanta FEI 200 SEM (Figure 3.2 (b)), housed at S. N.
Bose National Center for Basic Sciences, Kolkata, India. This instrument was
used to image the La0.5Sr0.5MnO3 nanowires studied in chapter 6.

Both instruments have a maximum resolution power of 3 nm at an acceleration voltage of
30 kV. The magnification could be varied from 5x to 300,000x. They are also equipped
with an energy dispersive spectroscopy (EDS) detector for compositional analysis.

(a)

(b)

Figure 3.2 Images of the microscopes used (a) JEOL JSM-6390LV SEM,
and (b) Quanta FEI 200 SEM.
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3.1.3 X-ray diffraction (XRD)
X-ray diffraction is a very important characterization technique to identify the
crystallographic phase formation of a sample. The basic principle of X-ray diffraction is
based on Bragg’s Law as shown in Eq. (3.1)
(3.1)
where

is the lattice spacing of plane (hkl),

scattering angle, and

is the wavelength of the X-ray,

is the

is the order of diffraction. The observed peaks correspond to basic

Bragg’s reflection belonging to a particular family of planes. The XRD measurements are
performed in a θ-2θ mode using Bruker AXS D8 diffractometer (housed in the Physics
department at USF) with Cu Kα source corresponding to a wavelength 1.5418Å to
analyze the crystalline nature of the synthesized samples. The XRD pattern obtained for a
particular sample was refined by RIETVELD pro to obtain the lattice constants and space
group associated with the sample. The analysis of the XRD pattern is of vital importance,
as the lattice volume of a material is very sensitive to nanoparticle sizes, depending on
which the character of a material changes drastically. For example, it has been reported
that size reduction of nanoparticles leads to the broadening of Bragg peaks; in other
instances, size reduction can lead to an entirely new crystallographic phase in the nanoform, which is completely different from their bulk counterpart.
3.2 Magnetic characterization
All magnetic measurements presented in this thesis were performed using a
commercial Model 6000 Physical Property Measurement System (PPMS) (Figure 3.3).
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The PPMS can operate in the temperature range of 2 – 350 K, and in the magnetic field
range of 0 – 7 T.

Figure 3.3 Physical property measurement system (PPMS).
The three probes used to perform different type of magnetic measurements were (i) the
vibrating sample magnetometer (VSM), (ii) the ACMS option, and (iii) the tunnel diode
oscillator based transverse susceptibility (TS) probe. In the following sections, the utility
of the probes for specific measurements is elucidated.
3.2.1 Vibrating Sample Magnetometer (VSM)
The VSM is consistently used for performing DC magnetic measurements, such
as magnetization vs. temperature (M(T)), magnetization vs. field (M(H)), and
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magnetization vs. time (M(t)). The working principle for a VSM is that a changing
magnetic flux will induce a voltage in a pickup coil. The time dependent voltage is given
by
(

where

)( )

(3.2)

is the flux enclosed by the pickup coil, t is the time, and z is the vertical

displacement of the position of the sample with respect to the coil. The sample is subject
to a sinusoidal displacement, which results in an induced voltage with the relation:
.

(3.3)

Here, C is the coupling constant, A is the amplitude of oscillation (0.01 mm to 5
mm), f is the oscillation frequency (40 Hz), and m is the DC magnetic moment. Hence, it
is possible to extract the magnetic moment, by measuring the coefficient of the sinusoidal
voltage induced in the pickup coils. More details about the hardware and data acquisition
can be found in the Quantum Design VSM operating manual.
3.2.2 ACMS option
Although the ACMS option is equipped to perform both DC and AC magnetic
measurements, we use it primarily for AC susceptibility measurements on magnetic
samples. The ACMS option can be operated in the same temperature range as the PPMS,
and in the frequency range of 10 Hz to 10 kHz, with drive amplitude between 2 mOe to
10 Oe.
In a typical AC susceptibility measurement, the change in magnetization of the
sample is measured, with respect to alternating fields of different frequencies. An AC
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susceptibility set-up comprised of three coils; (i) A long primary coil to drive the AC
current, (ii) an internal secondary coil which holds the sample (sample coil), and (iii) an
identical secondary coil, to pick up the reference signal, i.e. background signal. The
reference secondary coil is connected in series to the sample coil, but wound in the
opposite direction. When a known alternating current is applied to the primary coil, a
voltage is induced due to change of flux within the secondary coils. The change in
magnetic flux of sample coil is different from that of the empty secondary coil. In
principle, the difference in the flux induced in the two secondary coils is proportional to
the AC susceptibility of the sample. Mathematically it can be written as:

[

[

]

]

[

]

,

(3.4)

Here, A is the cross sectional area of the secondary coils, N is the number of turns
in the secondary coils, and

is called the geometric or filling factor, which is essentially

the cross sectional ratio of the sample to the secondary coil. Hence, it can be seen that the
voltage induced in the secondary coils is proportional to AC susceptibility

.

When a magnetic material is driven by a high frequency magnetic field, the
magnetization is found to lag by a phase factor, say . So, if the applied field (H) has the
time dependence such as
represented as

, then the magnetization induced can be
.
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i.e.
⁄

Now we define

⁄

, and

(3.5)
In the complex notation, for a magnetic field,
, where

, we can write

.

The ACMS option can detect the phase shift , and measure the in-phase (real
part) component

, as well as the out-of-phase (imaginary part) component

. The real

component of AC susceptibility represents the slope of the M(H) curve in the low
frequency limit, and is sensitive to changes in the magnetic state of a material, exhibiting
peaks at magnetic phase transitions or magnetic blocking in case of nanostructures. The
imaginary component reflects the loss in magnetic energy, and is proportional to the area
of the M(H) hysteresis loop carved in one period of an AC cycle. For metallic or
conductive samples, a non-zero

represents dissipation due to eddy current. On the

other hand, the presence of finite

in case of ferromagnets is indicative of irreversible

domain wall motion or absorption due to a permanent moment. In case of a nanoparticle
ensemble with glassy dynamics, or a conventional spin glass system, a non-zero

can

arise due to magnetic relaxation, because the decoupling of spins from the lattice in the
relaxation process can cause absorption of energy.
Next we discuss a few models used to interpret and extract information from the
and

curves. Figure 3.4 shows the
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and

curves for a nanoparticle

ensemble, taken using the ACMS probe in the frequency range of 10 Hz to 10 kHz, and
with an AC applied field of 10 Oe.

Figure 3.4 Frequency and temperature dependence of (a) In-phase and (b)
out-of-phase components of AC susceptibility.
As it can be seen, the peak in the

and

curves shifts to higher

temperatures with increase in the measurement frequency. Usually in the case of
nanoparticles, the development of such peaks can be associated with magnetic blocking
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or magnetic freezing phenomena [1]. By changing the frequency (ω = 2πf), we are
deliberately changing the probe time (τ = 1/f) which allows us to probe the relaxation of
particles in different time windows. A systematic investigation of the evolution of peak
shift in

is carried out. The peak shift in

can be quantified by Eq. (3.6) and it is

empirically known that for SPM systems,
systems [2]

ranges from 0.1 to 0.13 whereas for SSG

< 0.06.

(3.6)

Further, the nature of peak shift can be tested using the Neel-Arrhenius (NA)
relation (Eq. 3.7) for a non-interacting particle ensemble, or the Vogel-Fulcher (VF)
relation (Eq. 3.8) for a weakly interacting particle system [2]. The peak temperature is
plotted as a function of frequency, to which the relations mentioned are applied.
[

[

Here,

]

(3.7)

]

(3.8)

is the characteristic relaxation time, Ea is the anisotropy energy barrier or

the activation energy (KV), and kB is the Boltzmann constant. In the VF relation, To is the
characteristic temperature, which gives a qualitative measure of the inter-particle
interaction energy. Depending on the nature of fit, and values of the fitting parameters
obtained, we can deduce information about particle interactions, and magnetization
dynamics as will be discussed in detail in the following chapters.
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3.2.3 Tunnel diode oscillator (TDO) based transverse susceptibility (TS)
measurements
The measurement of TS is based on a self-resonant TDO technique. Over the
years we have validated this method as a very useful probe of effective magnetic
anisotropy in a large class of magnetic materials ranging from thin films [3], to
nanoparticles [4] to single crystals [5]. Aharoni et al conducted a pioneering theoretical
study to calculate the reversible susceptibility tensor (

for a Stoner-Wohlfarth (SW)

particle, which laid the basis for further research on TS [6]. The susceptibility tensor is
defined as

⁄

. The susceptibility along the direction of the DC field

constitutes the diagonal terms of the susceptibility tensor, and the susceptibility
calculated along the two perpendicular directions to the DC field form the TS
components.
A SW particle is known to be ferromagnetic, ellipsoidal, single domain, with
uniaxial anisotropy, volume V, and saturation magnetization MS. The geometry of TS
measurements is explained below for such a SW particle.
In Figure 3.5, the DC field (HDC) is applied along the z axis, while the RF
transverse field (Hrf) is applied along the x axis. In polar co-ordinates, the magnetization
vector of the particle (MS) is defined by polar angles (

). Similarly vector

corresponding to the magnetic anisotropy axis (which for simplicity coincides with the
easy axis) is defined as (

).
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Figure 3.5 Geometrical construct of TS measurement for a SW particle.
Taken from [7].
The longitudinal/parallel (Eq. 3.9) and transverse (3.10) susceptibility
components are defined as follows
⁄
⁄

(3.9)
⁄

;

(3.10)

The total energy for the SW particle is given by the sum of anisotropy energy and
the Zeeman energy as shown in Eq. 3.11
⃗⃗⃗⃗⃗ ⃗⃗⃗⃗

⃗⃗⃗⃗⃗

⃗⃗⃗⃗⃗⃗⃗

⃗⃗⃗⃗⃗⃗

(3.11)

Here, K is the anisotropy constant, and ⃗⃗⃗⃗ is the unit vector along the
magnetization vector direction. The RF field acts like a perturbation to the equilibrium
position of the magnetization vector which is attained by the stabilization of the
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competing torques due the magnetic anisotropy and externally applied magnetic field
(HDC). As a result of this perturbation, the magnetization direction is stabilized by the
minimization of total energy, i.e.

;

and

;

(3.12)

After expressing⃗⃗⃗⃗⃗⃗ , and ⃗⃗⃗⃗ in spherical coordinates, and minimizing Eq. 3.11
using the conditions stated in Eq. 3.12, the transverse susceptibility (

) for a single SW

particle can be written as,
[

]

where

, h is the reduced field defined as

(3.13)

, and

is the magnetic anisotropy field. The average transverse susceptibility can be calculated
for an ensemble of such SW particles with no inter-particle interactions, and randomly
oriented anisotropy axes by integrating over all particles,
∫

∫

⁄

.

(3.14)

Hence, substituting Eq. 3.13 into Eq. 3.14 after integrating over
∫

⁄

[

]

.

, we get

(3.15)

Solving Eq. 3.15 for different applied DC magnetic fields swept from positive to
negative saturation,

evolved as shown in Figure 3.5. The TS curve exhibits two

peaks precisely at the anisotropy fields (±HK), and a switching field HS.
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Figure 3.5 Transverse and parallel susceptibility for SW particles. Taken
from Ref [6].
In an experimental setting, the sample is placed in an inductive coil, which is part
of an ultrastable, self-resonant tunnel-diode oscillator (operating frequency around 10–
20 MHz) with a perturbing small amplitude RF field perpendicular to the externally
applied DC field. The coil with the sample is inserted into the chamber of the PPMS that
provides control over the variable temperature (10 K–350 K) and applied magnetic fields
up to 7 T. A schematic of the measurement system is depicted in Figure 3.6 (the upper
panel). The resonance frequency (
and capacitance (C) of the circuit by

is related to the inductance (L) of the coil,
⁄√
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.

Figure 3.6 Schematic of the radio-frequency transverse susceptibility (TS)
experiment (upper panel); an example of a unipolar TS scan from positive
(+2 kOe) to negative (−2 kOe) fields for the LCMO nanowires taken at
80 K (lower panel). Taken from reference [8].
In the TS method, the measured quantity is the shift in the resonant frequency
(∼12 MHz) as the DC field is varied and this is proportional to the relative variation of
transverse susceptibility as given in Eq. 3.16
(

)

[

]

(3.16)
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where

is transverse susceptibility at a saturation field (H). As mentioned

earlier, Aharoni et al. [6] theoretically predicted that the TS for a SW particle with its
hard magnetic axis aligned with the DC field should yield peaks at the anisotropy fields
(±HK) and switching field (HS) as the DC field is swept from positive to negative
saturation (see Figure 3.5). However, TS experiments have revealed that for magnetic
nanoparticle systems with size distribution, the switching peak is often merged with one
of the anisotropy peaks, as can be seen in Figure 3.6 [9]. In chapters 5 and 6, we
demonstrate the usefulness of TS to identify magnetic freezing in core/shell
nanoparticles, and magnetic phase coexistence in manganite nanowires.
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CHAPTER 41
MAGNETIC PROPERTIES OF CORE/SHELL Fe/γ-Fe2O3 NANOSTRUCTURES
4.1 Introduction
Generally, core-shell nanoparticles are composed of different materials. Hence we
can say that the effective anisotropy, lattice strain, number of uncompensated spins etc.
for the materials making up the core and shell are different, which in turn implies that
these two materials may have separate responses to changes in temperature and magnetic
field. So a very fundamental and important question emerges: Can the dynamic and
static response of the core and shell be identified separately? While several research
efforts have been devoted to understanding the role of interfacial spins in nanoparticles
that exhibit EB, a clear understanding of the spin dynamics of the core and shell and their
impact on EB remains to be investigated.
In this chapter, we have systematically demonstrated that it is possible to identify
the individual responses of the core and shell. The system in the present study is ~ 10 nm
Fe/γ-Fe2O3 nanoparticles. We have shown that the nanoparticles collectively behave like
a superspin glass and exhibit distinguishably different magnetic responses of the core and
shell. Our findings emphasize that by understanding the magnetic state of core and shell
1

Portions of these results have been previously published [Chandra et. al. Physical
Review B 86 014426 (2012); Chandra et. al. Journal of Physics.: Condensed Matter 25
426003 (2013)] and are utilized with permission of the publisher.
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and their interdependence at the onset of EB, it may be possible to appropriately select
different materials for core and shell to enhance and suitably tailor EB for applications.
We extend our analysis by performing magnetocaloric studies on such core/shell
nanostructures and demonstrate the magnetocaloric effect as an alternative method to
identify various low temperature phenomena.
4.2 Synthesis and characterization
The core-shell structured nanoparticles were prepared by high temperature
reduction of iron pentacarbonyl in octadecene in the presence of olyelamine (OY) and
trioctyl phosphine (TOP), details of which have been published [1]. Briefly, OY and TOP
(molar ratio 1:1) were dissolved in octadecene in a three neck flask and heated in an
airtight atmosphere while continuously purging with Ar+5%H2 to get rid of any free
oxygen dissolved in the solvent and surfactants. Fe(CO)5 was injected at 220 oC and
refluxed for one hour to yield a dark solution. The nanoparticles were precipitated and
extracted by adding absolute ethanol solution followed by centrifuging.

Figure 4.1 Bright field (a) TEM and (b,c) HRTEM images of Fe/γ-Fe2O3
core-shell nanoparticles. Inset 1(a) shows selected area diffraction pattern.
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Figure 4.1(a) shows a conventional bright field TEM image of these nanoparticles
along with a selected area diffraction pattern in the inset. The average size of the
nanoparticles is determined to be 9.8 ± 0.7 nm. Contrast variation at the interface clearly
suggests a core and shell morphology in these nanoparticles. HRTEM images (Figure
4.1(b, c)) reveal the crystalline structure of both core and shell, with the lattice spacing of
the core and shell corresponding to the (110) planes of bcc iron and (311) planes of fcc
iron oxide, respectively. The Fe core is single crystalline; however, the shell of γ-Fe2O3 is
composed of small crystallites which are oriented randomly [2]. In the inset of Figure
4.1(a), the selected area diffraction pattern is indexed to bcc iron and fcc iron-oxide.
Since the particles lying on the TEM grid have no particular orientation with respect to
the incident electron beam (unlike the case of thin films), the electron diffraction pattern
for single crystalline core contains (211), (200) and (110) peaks [1].
4.3 DC magnetization
The nanoparticles have been tightly packed to avoid any physical motion relative
to each other. Due to this tight packing, it can be safely concluded that adjacent
nanoparticles touch each other with the presence of surfactant layers between them.
Hence, the distance between the centers of two adjacent nanoparticles is estimated to be
about 10 nm. Figure 4.2 presents the temperature variation in magnetization (M)
measured in 50 Oe under the zero-field cooled (ZFC), field cooled warming (FCW) and
field cooled cooling (FCC) protocols. During the FCC and FCW measurements, the
sample was cooled under an applied field of 50 Oe. The ZFC curve shows a conventional
peak (TP-ZFC ~ 69 K) which has been reported in many superparamagnetic (SPM) and
superspin glass (SSG) systems that are ferromagnetic in the ground state [3-5]. The peak
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in ZFC curve for monodispersed, non-interacting particles, is called the blocking
temperature (TB) and is found to occur when the thermal energy (kBT) is comparable to
the activation energy (ΔEA=KV) [6].

Figure 4.2 Temperature dependence of magnetization for zero-field cool
(ZFC), field cooled-cooling (FCC) and field cooled-warming (FCW). Inset
(a) the dip in MFCW is associated with onset of spin freezing (Tf ~ 50K);
and (b) shows the difference (MFCC-MFCW) plotted against temperature,
where a sharp rise (Tg ~ 68 K) marks the onset of thermal hysteresis.
However, the scenario is quite different for interacting particles with finite size
distribution. Recent experiments have shown an increase in temperature along with
broadening of the peak of ZFC curve due to enhanced interactions in the nanoparticles
[7]. In the present case, there exists irreversibility in the ZFC and FCW curves even at
room temperature, which suggests the presence of inter-particle interactions or some
particles in the blocked state. Due to the core-shell structure, the nature of interaction and
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hence the energy barrier is largely controlled by the relative strength of exchange
anisotropy, dipole-dipole interaction, surface spin disorder etc. Hence, the peak (TP-ZFC)
cannot be termed as the true blocking temperature of the system. Another method for
determining the mean blocking temperature (TB) has been adopted which is discussed
later. In the FCW curve, a decrease in magnetization is observed with lowering the
temperature below ~ 50 K as shown in the inset of Figure 4.2(a). It has been reported
earlier that the FCW magnetization monotonically increases with decreasing temperature
for SPMs, while it tends to saturate to a constant value or even decrease with decreasing
temperature for SSGs [3]. This feature in the FCW curve gives us a first indication that
the nanoparticles show a collective glassy behavior at low temperature. There also exists
a thermal hysteresis in the FCW and FCC curves below ~68K. The onset of thermal
hysteresis is marked by a sharp rise (~ Tg) in MFCC - MFCW as shown in inset (b). Such
thermal hysteresis has been reported in different systems and may occur due to various
phenomena such as kinetic arrest [8], a phase transition of first order [9] or due to the
presence of any thermal memory in the sample which is strongly influenced by the
starting state of the system [10]. In our sample, which constitutes of Fe(core)/Fe2O3(shell), no such kinetic arrest or first order transition is known for either materials
in that temperature range and hence they can be safely ruled out as reasons for thermal
hysteresis. This indicates that one of the reasons for thermal hysteresis can be a
cooperative effect in the system which also has a thermal memory. The above mentioned
features raise an important question about the strength and dynamics of interactions in the
nanoparticles.
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4.4 AC magnetization
To probe the spin dynamics of these nanoparticles, AC susceptibility
measurements were systematically performed on the sample by applying an AC magnetic
field of 10 Oe within the frequency (f) range of 10 Hz to 10 kHz. An ensemble of
interacting particles can dominate over single particle blocking that may lead to a
collective freezing. In the inset of Figure 4.3(a), the frequency dependence of the real part
of ac susceptibility (χ’) is shown. The peak temperature (TP) shifts to higher values as
frequency increases, which is consistent with other reports [11, 12]. A systematic
investigation of the evolution of peak shift in χ’ is carried out using Eq. (3.6), and for our
system,

is estimated to be 0.044 which suggests that our nanoparticles may be SSG

type.
An attempt to fit to the Néel-Arrhenius (NA) law yielded unphysical results as
expected. This clearly indicates that the dynamics of these nanoparticles cannot be
explained with a non-interacting particle model. Thus we extended our analysis to the
Vogel Fulcher (VF) model which takes into account weak inter-particle interactions.
According to the VF model, the relaxation time of an ensemble of weakly interacting
nanoparticles follows Eq. (3.8). The obtained fitted (Figure 4.3(a)) parameters have
reasonable values of Ea/kB = 571 K,

= 6.9 x 10-13 s and To = 48 K. This successful fit

confirms the presence of weak interactions in the nanoparticles that undergo collective
freezing at To ~ 48 K, henceforth referred to as freezing temperature (Tf). This is in good
agreement with the low temperature feature seen in the FCW curve (Figure 4.2, inset a).
is in the range 10-8 to 10-13 s.

For SPM particles [6], the relaxation time
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Figure 4.3 The best fit of the relaxation times (τ) to (a) the Vogel-Fulcher
law and (b) the scaling law. Inset shows the frequency dependence of peak
temperature (TP) in χ’.
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The fact that these nanoparticles fall in this range (~10-13 s) indicates that they
individually relax like SPM particles above the blocking temperature. However, in order
to understand their collective behavior, the peak temperatures TP are fitted to a critical
power law (Eq. 4.1)
[

]

(4.1)

where Tg is the static spin glass temperature which marks the onset of critical slowing
and collective glassy behavior, and zν is the dynamical critical exponent which is related
to the correlation length ξ that diverges at Tg. The use of such a phenomological
activation law is usually done for cluster glass magnetic systems, especially SSG [13]. It
is known from the literature that for a SSG system [13-15], the value of

ranges

between 10-6 to 10-9 s. The obtained fit parameters for our nanoparticles are

= 2.8 x

10-7 s, Tg = 68 K and zν = 3.8. The value of zν is very close to that calculated for 3D Ising
model [14] and the value of

further strengthens the case for SSG type behavior. It is

to be noted here that the values of

obtained from the VF model and scaling law are

different; in the case of the VF model,
particles, whereas from the scaling law (

represents non critical flip time for individual
), we get the time scale for critical slowing

down of collective particle relaxation. The glass transition temperature (Tg) is 68 K which
is below TP-ZFC ~ 70 K, suggesting that the glassy behavior of superspins closely follows
the onset of blocking in the particles. This also explains the development of thermal
hysteresis and its progressive enhancement below 68 K (Figure 4.1). These results
indicate that the nanoparticles show glassy behavior below Tg that may be SSG type and
below Tf ~ 48 K they collectively freeze.
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4.5 Magnetic aging and rejuvenation: Superspin Glass (SSG) state
To further elucidate these intriguing features, we performed memory effect
measurements in the FC aging protocol and the results are presented in Figure 4.4(a). The
sample was field cooled in an applied field of 50 Oe from 300 K to 5 K with intermittent
stops (IS) at 90 K, 75 K, 50 K, 35 K and 15 K. At each IS, the field was turned off for t w
= 104 s and was turned back on during further cooling process. This is shown by the
curve. Then the sample was warmed in a 50 Oe field from 5 K to 300 K without
stopping, shown by

. The FCW curve is shown for reference. In the

curve, a drop in magnetization is observed at every IS as the magnetic moments
equilibrate; however, it is seen that the amount of drop depends on the magnetic state of
the nanoparticles. After a waiting time tw, when the field is turned on, the amount of
recovery in magnetization (M) depends on how fast the nanoparticles realign to the
applied field. So, at temperatures below the Tg (50 K and 30 K), due to the critically slow
dynamics of the system, the recovery is less; hence, the observed drop in M is
appreciable. It is to be noted here that at 15 K, the drop is relatively less. In addition,
there is an upturn in

curve below 15 K. Both these features can be attributed to

the freezing of spins in the shell which is discussed later. Above Tg, (90 K, and 75 K) the
nanoparticles do not show collective behavior and hence most of the drop in M is
recovered when the field is turned on before further cooling. In the

curve, it is

seen that on warming, the magnetization exhibits step like features at every IS. Such a
phenomenon has been observed in nanoparticles irrespective of their strength of interparticle interaction and is attributed to a distribution in energy barrier [16, 17].
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Figure 4.4 (a) Temperature dependence of
and
observed
in the FC aging protocol and (b) Temperature dependence of
in the ZFC aging protocol.
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In the cooling process, at every IS, a certain amount of dynamically active nanoparticles
with volume close to the blocking volume equilibrate and remain blocked on subsequent
field cooling. So, at an IS in the cooling process, the magnetic moment configuration of
the ensemble of nanoparticles is imprinted in its “memory”. This is retrieved in the
warming process which results in the step like feature in the

curve [16]. We can

conclude that the FC memory effect is more dominant below Tg when the dynamics of
the nanoparticle ensemble critically slow down. In addition, the fact that the
magnetization in the field cooled curves is decreasing with decreasing temperature
suggests that the system is SSG like.
A peculiar test of SSG is aging effect in the ZFC protocol which is absent in the
case of SPM particles [16]. In the single stop wait (SSW) protocol, the sample was
cooled to 5 K under zero field with an intermittent stop (IS) at 50 K for 104 s. Then the
magnetization was measured on warming

under an applied field of 50 Oe. The

difference in magnetization

is plotted in Figure 4.4(b), where

is

the magnetization measured under ZFC protocol without stopping. A peak in
is seen at IS temperature (~ 50 K) which is a signature of a SSG system and its
origin can be understood from the droplet model proposed by Fisher et. al. [18, 19].
According to the droplet model, a spin glass domain can be thought of as a droplet or a
cluster whose volume increases with time because of the non-equilibrium nature of the
dynamics. In the SSW process as the droplet volume increases with time at 50 K, so does
the mean energy barrier [18, 19]. However, in the reference ZFC case, the energy barrier
of the droplets at 50 K is relatively lower. During the warming process, it is known that
the flip of clusters is governed by thermal activation. This means that
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will be

greater than

at 50 K, because the superspin clusters associated with the reference

ZFC cooling protocol are smaller and flip below 50 K rendering higher magnetization
than the larger clusters formed in the SSW protocol that flip at higher temperature. This
difference in magnetization at 50 K is seen as the peak in Figure 4.4(b). It can be
conclusively inferred that below Tg, the core-shell nanoparticles show aging and are of
SSG type.
In view of our understanding of the system from the preliminary DC and AC
magnetization results, two important inferences can be drawn; (i) the nanoparticles show
cooperative behavior similar to SSG below Tg and (ii) there exist inter-particle
interactions in the SPM state that are dominant enough to maintain irreversibility in the
ZFC-FCW curves even at room temperature (RT). So, as the temperature increases, the
nanoparticles go from SSG to SPM state with finite interactions. In the case of granular
thin films of FM nanoparticles embedded in a matrix, there have been studies indicating
crossover from SSG to superferromagnet (SFM) with increasing concentration of FM
nanoparticles [20]. It has also been demonstrated that for lower concentration of FM
nanoparticles, the SSG system goes into the interacting superparamagnet (ISPM) regime
[21, 22]. Now the question that arises is, at what temperature does the crossover from
SSG to SPM occur in the present system? The answer to this is rather non trivial. Usually
an ensemble of nanoparticles is said to be in the SPM state above the blocking
temperature identified as the temperature corresponding to the peak in ZFC curve. This is
true for monodisperse nanoparticles with negligible or no interactions. But, in the case of
nanoparticles with finite size distribution, there is always a precursor effect associated
with unblocking of smaller particles at temperatures lower than TP-ZFC. Moreover, the
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presence of inter-particle interactions, and the formation of clusters further shift TP-ZFC to
higher temperature. In the case of core-shell nanoparticles, since the core and shell are
composed of different materials, they have different magnetocrystalline anisotropy,
thermal activation, uncompensated spins, lattice strain etc. Hence, all these factors
together suggest that TP-ZFC may not be the true blocking temperature, at least in case of
core-shell nanoparticles.
We define the mean blocking temperature (<TB>) as the temperature
corresponding to the fastest change in the separation of ZFC from FCW curve, which in
turn is associated with the maximum number of nanoparticles unblocking as the
temperature increases [23]. This can be easily determined by identifying the peak
position in

. Figure 4.5(a) shows the M(T) curves (left axis) measured at 100

Oe indicating the peak in ZFC curve (TP-ZFC), while on the right axis,

is

plotted against temperature whose peak marks <TB> as defined above. In order to study
the effect of applied field on <TB>, M(T) measurements were conducted under the ZFC
and FCW protocols in magnetic fields ranging from 50 Oe to 20 kOe. Generally, in the
case of single domain particles, the blocking temperature monotonically shifts to lower
temperatures due to lowering of energy barrier on the application of magnetic field.
Theoretically, the blocking temperature should decrease with the increasing applied field
and eventually disappear when the field reaches a critical value; however, the rate of
decrease in blocking temperature is strongly controlled by anisotropy [24], dipole-dipole
interaction [25] and volume fraction of disordered spins.
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Figure 4.5 (a) ZFC/FC curve and the derivative d [MFC-MZFC]/dT
indicating peak temperature of MZFC (Tpk) and mean blocking temperature
(TB); (b) Two straight AT-line fits for low and high field regime. Inset
shows the evolution of blocking temperature (TB) with measurement field.
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The inset of Figure 4.5(b) shows the dependence of <TB> on applied field. In the
low field regime, <TB> decreases sharply and above ~6 kOe, the decrease is gradual. The
presence of two slopes suggests that the distribution of energy barrier is bimodal; one that
is affected at low fields and another one at high fields. In the case of the core-shell
nanoparticles, we have a single crystalline core and a shell composed of randomly
oriented magnetic domains (Figure 4.1(c)). It has been reported that the effective
anisotropy for hollow γ-Fe2O3 is about ~ 8 x 105 J/m3 which is more than 5 times that of
Fe nanoparticles [26, 27] (~ 1.3 x 105 J/m3). This means that the mean energy barrier
associated with the core (Ecr) is lower than the one for the shell (Esh). The rate of decrease
in <TB> is affected by the relative suppression of Ecr and Esh in the low and high field
regimes. In the low field regime, Ecr is suppressed more while Esh remains unaffected
which implies that the response of <TB> to field (sharp decrease) is predominantly
influenced by the core. However, above a critical field, when the moments in the core are
fully aligned, suppression of Esh primarily contributes to the decrease in <TB>. In the case
of nanoparticle systems, the presence of dipolar interactions has significant influence on
the magnetic properties as it modifies the anisotropy energy barrier of individual particles
thereby modifying the evolution of glassy dynamics [28], and blocking temperature [25].
The evolution of <TB> can be mapped on the H-T plane in order to distinguish the glassy
phase from the SPM phase. From mean field theory, it is predicted that the existence of
glassy behavior for a fixed temperature will be destroyed above a critical field [14, 29].
Two such critical lines were proposed by Almeida Thouless (AT line) and Gabay
Thouless (GT line) for anisotropic Ising spins and for isotropic Heisenberg spins,
⁄

respectively [29]. The AT line behaves as
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while the GT line behaves as

. Later it was shown by numerical calculations that such critical lines can
exist in nanoparticles marking the transition from glassy to SPM behavior [30]. Figure
4.5(b) shows that the variation in <TB> follows the AT line in both the low field and high
field regimes. Attempts to fit the GT line yielded straight lines in both low and high field
regimes, but with lower regression values compared to AT line. The fit is consistent with
our calculations of zν from scaling law confirming that the system is indeed composed of
Ising type spins. We can infer that the nanoparticles behave like SSG to the left of the AT
line and SPM to the right. The y-intercept of the low field regime fit is ~ 57 K which can
be attributed to the mean blocking temperature of the core at H=0 (TB1). Similarly, the y
intercept of the high field regime fit ~ 24 K corresponds to the mean blocking
temperature of the shell at H=0 (TB2). It has been reported in other systems that the
critical behavior crosses over from AT line to GT line when the applied field is greater
than the anisotropy field [31, 32]. In the case of our core-shell nanoparticles, along with
the presence of unidirectional random anisotropy, the exchange anisotropy is so high that
such a crossover is not observed. This is supported by the fact that even at fields up to 20
kOe, irreversibility is observed between the ZFC and FCW curves.
From the above discussion, it is rather intriguing to estimate the temperature
dependence of energy barrier. It was shown that the distribution in energy barrier can be
mapped out from the temperature decay of remanence [33]. The remanent magnetization
is related to the blocking temperature distribution function by Eq. (4.2).
∫

(4.2)
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Here,

is a constant that takes into account the random orientation of anisotropy

in the nanoparticles [34], and Ms is the saturation magnetization. The blocking
temperature distribution function f(TB) can be measured from the derivative of Eq. (4.2)
i.e.,

. The function f(TB) represents the distribution of energy barrier. It is to

be noted that the distribution function f(TB) should not be confused with the mean
blocking temperature <TB>.
The measurement protocol was to expose the sample to a high field at a constant
temperature; turn the field off and then measure the magnetization. Figure 4.6(a) shows
the temperature dependence of remanent magnetization. As the temperature decreases,
the remanent magnetization increases like in a conventional ferromagnet until ~ 35 K,
below which an unusual decrease is seen. The remanent magnetization is an indication of
the number of moments that are still pointing along the direction of applied field after the
field is removed. Below 35 K, the randomly oriented domains in the shell begin to show
blocking behavior. Due to the random direction of blocking in the shell, the effective
magnetization (at zero field) per nanoparticle drops which is seen as the drop in
remanence. This is supported by the occurrence of a second peak (~ 37 K) in the ZFC
curve at 2 T due to blocking of shell (not shown).
Figure 4.6(b) shows the temperature dependence of distribution f(TB) or the
energy barrier. The distribution f(TB) is fitted to a weighted sum of two log normal
distributions given by Eq. (4.3).

f(

√

√
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(4.3)

Figure 4.6 (a) Temperature dependence of isothermal remanence. (b)
Distribution function fit to Eq. (4.3)
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The obtained fitted parameters are T1 = 48 K, σ1 = 0.086, T2 = 21 K, σ2 = 0.33 and
the weighting factor A = 0.29. The existence of two maxima in the energy barrier is
consistent with our findings from Figure 4.5 and corroborates the fact that energy barriers
Ecr and Esh are centered about temperatures T1 and T2, respectively. The maximum at T1
is at the same temperature as Tf obtained from AC susceptibility measurements. The low
field AC susceptibility measurement essentially probes the dynamics of the core since it
has been discussed earlier that the disordered shell is affected only at high fields (> 6
kOe). So, one can say that the freezing temperature Tf ~ 48 K as calculated from χ’
corresponds to the freezing of the core (Tf-cr). Based on the same argument, the maximum
at T2 (~21 K) can be attributed to the freezing of shell (Tf-sh). This seems reliable since
the freezing temperature Tf-sh ~ 21 K is less than the mean blocking temperature of the
shell (TB2 ~ 24 K) calculated from the AT line fit (Figure 4.5(b)). Thus, we can identify
two sets of mean blocking temperatures (TB1, TB2) and freezing temperatures (Tf-cr, Tf-sh)
for the core and the shell respectively.
4.6 Exchange bias effect
All the above experiments hint at the presence of EB and so we measured M(H)
hysteresis loops at 5 K under the ZFC and FC (2 T) protocol. Figure 4.7(a) shows the
M(H) loops measured under ZFC and 2 T FC conditions. EB can be confirmed by the
loop shift to the negative field axis as seen for the FC case. This is accompanied by an
upward shift in the loop and enhanced coercivity, which has been observed in other EB
systems [12, 35-39]. The exchange bias field is calculated as HEB [

|(

)|

] where

H+ and H- are the coercive fields for the ascending and descending curves respectively. In
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Figure 4.7(b), the temperature dependence of EB field is plotted for cooling fields of 2 T
and 5 T. One may argue that the onset temperature of exchange bias may depend on the
magnetic field applied while cooling. So, we studied the temperature dependence of
exchange bias for two different cooling fields (2 T and 5 T). In both cases, EB field starts
to develop from ~ 35 K and as temperature decreases, HEB increases slowly at first,
followed by a rapid increase. In the insets (Figure 4.7(b)), we have plotted the rate of
change of

with respect to temperature, in other words

vs. temperature whose

peak corresponds to the temperature below which EB exhibits a rapid rise. This rapid rise
in EB was found to occur at 21.5 K and 20 K for cooling fields of 2 T and 5 T
respectively which are in proximity to Tf-sh (~ 21 K).
From our previous discussion, at 35 K, the core is frozen with its spins aligned
along the field and the shell begins to show a blocking behavior. Due to the slow
dynamics of the blocked spins (< 35 K) in the shell they behave as pinning centers
leading to the development of EB. This marks the onset of EB in the core-shell
nanoparticles. Below 21 K (< Tf-sh), when the shell is completely frozen, the number of
pinning centers increase due to enhanced exchange coupling between the core and the
shell.
Although the strength of the exchange coupling constant of each exchange
coupled bond remains constant, this phenomenon can be attributed to the increase in
density of exchange coupled bonds across the core-shell interface (i.e. number of frozen
spins at the interface per unit area) and is consistent with results from previous studies
[40-43].
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Figure 4.7 (a) M-H hysteresis loops at 5K under FC (2T) and ZFC
conditions, (b) temperature dependence of exchange bias field measured
for cooling magnetic fields of 2 T and 5 T. Insets show the
curves for cooling magnetic fields of 2T and 5T.
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vs. T

In our discussion on the magnetic state of the core and the shell, the term ‘frozen’
is used with respect to time scale; i.e. the collective reversal mechanism of moments in
the ground state (absence of external magnetic field) occurs over a large time span
(several hundred seconds). For a system to display exchange bias, there must exist at least
two exchange coupled phases: one phase that can be reversed and one fixed phase that
cannot be reversed in the field range of measurements [44, 45]. In the context of our coreshell nanoparticles, the fixed phase is the ‘shell’ and the reversible phase is the ‘core’. At
low temperatures below ~ 35 K, while the shell behaves as the fixed phase, the
magnetization of the ‘frozen’ core can be reversed by application of an external field. The
reversal of the core moments with respect to the shell moments leads to exchange bias
which has been reported in previous studies. Below ~ 21 K, a rapid increase in EB is
observed (Figure 4.7(b)), which can be explained by the same mechanism as discussed
above. The enhancement in EB occurs due to increase in the number of frozen spins at
the interface per unit area [40] which has been argued to develop due to freezing of the
shell moments. Consistently, a rapid increase in HEB is recorded below Tf-sh. So, one can
conclude that in the case of core-shell nanoparticles, the onset of EB is associated with
the blocking of spins in the shell while the core is in the frozen state.
4.7 Inverse magnetocaloric effect
In this section, we study the magnetocaloric effect of core/shell Fe/γ-Fe2O3
nanoparticles and avail it as a probe for low temperature magnetic phenomena like
magnetic blocking and freezing. We demonstrate MCE as a tool for identifying the
different magnetic response of the core and the shell, and the role of anisotropy in
determining its ground state. The magnetocaloric response and its universal behavior are
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greatly modified by the energy barrier distribution of the nanostructures. We also extend
our study only to the shell, or hollow structured γ-Fe2O3 by eliminating the core from the
core/shell structure. Interestingly, results from our magnetocaloric study prove that both
the core/shell and the hollow nanoparticles collectively exhibit an AFM like state which
was not evident from our previous study so far [46].
In Figure 4.8, we show the temperature dependence of inverse susceptibility.
Fitting the inverse susceptibility curve to the Curie-Weiss law,

⁄

, after

extrapolating from the high temperature values, we obtained
indicates an AFM type coupling. Interestingly, the coincidence of TP-ZFC and

which
suggests

the idea of a magnetic ordering temperature [47].

Figure 4.8 Temperature dependence of inverse susceptibility obtained
from M(T) curve measured at 50 Oe.
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One can argue that since the volume fraction of the core to the shell is about 0.56,
the dominance of competing ferrimagnetic coupling in the shell over ferromagnetic
coupling in the core may lead to an overall AFM like ordering. However, no reports of
AFM-like ordering in the gamma phase of Fe2O3 have been found in the literature. This
warrants a further investigation into the magnetic ground state of the system.
An alternate route to probe the magnetic state of a system is to measure the
change in magnetic entropy (ΔSM) with field (H) and temperature (T). It is well known
that the sign of - ΔSM(H,T) can be positive or negative depending on the type of magnetic
interactions in a particular field and temperature range. A positive peak in -ΔSM(H,T)
curve is indicative of a ferromagnetic transition as seen in regular MCE materials. On the
other hand, negative values of -ΔSM suggests the presence of an antiferromagnetic
correlation [48]. The magnetic entropy change (-ΔSM) was calculated from the
temperature and field dependent magnetization curves using the Maxwell relation as
given in Eq. (2.8).
To study the MCE in core/shell nanoparticles, we measured a family of
isothermal magnetization curves up to 1 T field in the temperature range of 5 – 85 K with
a 5 K interval [Figure 4.9(a)]. Briefly, the measurement protocol is as follows. The
sample was at first zero-field cooled down to a desired temperature, and then the virgin
M(H) curve was measured. This is followed by heating the sample to room temperature
and then again cooling under zero-field to measure the virgin M(H) curve for the next
higher temperature. It is important to cool the sample under zero-field, in order to
maintain thermodynamic equilibrium, before measuring a M(H) loop, because under field
cooled conditions, the system is non-ergodic, and the Maxwell relation becomes invalid.
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Also, we want to avoid any exchange bias effects while measuring M(H) curves, that may
arise due to field cooling. Interestingly, the M(H) curves exhibit two trends above and
below 55 K as indicated by arrows. In the temperature range of 5 – 55 K (blue curves),
the value of saturation magnetization increases with the rise in temperature; however,
above 55 K (red curves), as the temperature is increased, the magnetization decreases
steadily. In Figure 4.9(b), we show the temperature dependence of magnetic entropy
change [- ΔSM(H,T)] calculated using Eq. 2.9 for different values of maximum applied
field. We observe three distinct peaks in the - ΔSM(H,T) curves. As the temperature is
lowered, first, a positive peak (T1 ~ 60 K) is observed followed by two negative peaks, T2
~ 49 K and T3 ~ 23 K. The occurrence of the positive peak (T1) in the vicinity of the
mean blocking temperature is consistent with earlier reports on different ferrite
nanoparticle systems [49].
However, our focus is on the origin of the two negative peaks T2 and T3 which
complements our χ-1(T) data [Figure 4.8] and further hints to AFM like or disordered
coupling at temperatures below <TB>. Interestingly, the occurrence of the two peaks
exhibiting IMCE at T2 and T3 as observed in the - ΔSM(H,T) curves corroborates very
well with the existence of two maxima in the energy distribution function associated with
the freezing of the core and the shell as seen in Figure 4.6(b). This indicates that the
origin of the two peaks at T2 and T3, is associated with the freezing of the core and the
shell. Henceforth, we will refer to T2 and T3 as Tf-cr and Tf-sh, respectively. In an earlier
study on core/shell Co/Ag nanoparticles, Poddar et al. have reported similar peaks in the ΔSM(H,T) curves originating from the freezing of surface spins of the shell [50].
However, the peaks observed were positive contrary to those of the Fe/γ-Fe2O3
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nanoparticles. So, the question that is yet to be answered is, why do our core/shell
nanoparticles exhibit IMCE?
In the last decade, magnetocaloric studies on different ferrite nanoparticles have
been performed. It has been reported that ferrites like magnetite [51] (Fe3O4), manganese
zinc ferrite [49] (Mn0.68Zn0.25Fe2.07O4), zinc ferrite [52] (ZnFe2O4) and cobalt ferrite [49]
(CoFe2O4), all exhibit positive MCE. However, there has been a report of IMCE in 14 nm
cobalt ferrite[53] which is in contrast to the results from ref. 18 in which ~ 5 nm particles
were studied. It is known that CoFe2O4 is a magnetically hard ferrite which suggests high
magnetic anisotropy in the nanoparticles. However, as the particle size decreases from 14
nm (reference 53) to 5 nm in (reference 49), the magnetic anisotropy of the nanoparticles
also decreases and the nanoparticle behave as magnetically soft. This effectively implies
that the 14 nm and 5 nm cobalt ferrite nanoparticles behaved as magnetically hard and
soft, respectively. So, one can intuitively say that soft ferrite nanoparticles with negligible
anisotropy exhibit positive MCE; however, if the nanoparticles are made highly
anisotropic, IMCE is observed. This statement requires further validation but hints to the
role of anisotropy in understanding the development of IMCE in the core/shell
nanoparticles.
Recently, Monte Carlo simulations on the magnetocaloric response of
nanoparticles have revealed that anisotropy plays an important role in the coexistence of
positive and negative MCE for a material with a single magnetic phase transition [54]. It
was also shown that for an interacting one dimensional chain of nanoparticles with
collinear magnetic anisotropy axes, it is possible to observe direct and inverse MCE if the
magnetic field is applied perpendicular to anisotropy axes [55]. However, in the present
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system, the nanoparticles have non-collinear easy axes, in other words, randomly
distributed anisotropy axes. Furthermore, the splitting of the ZFC and FC curves in M(T)
curves (Figure 4.2) is indicative of non-perpendicular orientation of magnetic field with
respect to the anisotropy axes of the nanoparticles [47]. For such highly anisotropic
nanoparticles, there exists a certain angle between the anisotropy axes and the magnetic
field direction. Under such circumstances, the net effect of the anisotropy field manifests
into a second-order transition from ferromagnetic to antiferromagnetic coupling [56].
This explains the negative value of

obtained from the Curie-Weiss Law in Figure 4.8.

The spatial distribution of the anisotropy axes in random direction inhibits any form of
long range FM coupling.
In our earlier study, we found similar nanoparticles to exhibit a super-spin glass
(SSG) behavior, which also reinforces the idea that the nanoparticles collectively acquire
a disordered ground state [46]. This is consistent with a theoretical study on one
dimensional nanoparticle systems, where the particles did not attain any type of FM like
order, but instead displayed some kind of irregular AFM like intra-chain coupling [47].
In the present system, the development of IMCE below 55 K can be understood as
follows. When the nanoparticles are above <TB> ~ 57 K, the thermal activation energy
dominates over the anisotropy energy and the magnetization dynamics are similar to a
superparamagnetic system. Hence, on the application of a magnetic field, the
nanoparticles couple ferromagnetically which is evident from the positive value of the ΔSM(H,T) curves above 55 K.
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Figure 4.9 (a) Magnetization vs. field isotherms from 5 to 85 K. With
increasing temperature, the magnetization increases at first (5 – 55 K) and
then decreases (55 – 85 K) as indicated by arrows; (b) temperature and
field dependent magnetic entropy change [-ΔSM (T,H)] for fields between
0.05 and 1 T; (c) Field dependence of peak temperature (TP) from the ΔSM (T,H) curves and (d) evolution of mean blocking temperature <TB>
with magnetic field for the core/shell nanoparticles.
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Below <TB>, the nanoparticles enter into the blocked state, and begin to show
collective behavior which is associated with slower magnetization reversal and enhanced
magnetic anisotropy [46]. As discussed earlier, the increase in effective anisotropy of
individual nanoparticles results in the formation of a net anisotropy field in the ensemble
which allows AFM like irregular coupling [29]. This manifests as IMCE in the
temperature dependence of magnetic entropy change. Monte Carlo simulations have
predicted that on the application of a magnetic field higher or equal to 2.5 times the
anisotropy field (HA), it may be possible to enhance FM ordering, in which case, IMCE
disappears [47]. In the case of our nanoparticles, we observe IMCE for maximum
applied fields up to 20 kOe (not shown) which testifies that the nanoparticles are indeed
highly anisotropic. Although, the theoretical studies so far have predicted that with
increasing magnetic field, the IMCE peak shifts to lower temperatures (for fields less
than ~ 2.5 HA) and then finally disappears, there is a lack in the understanding in the field
dependence of the negative peak shifts.
We plotted the peak temperature in -ΔSM(H,T) curves with respect to the
maximum applied field [TP(H)] to understand the trend in the peak shifts (Figure 4.9(c)).
Interestingly, the shift in the peak temperature showed two distinct slopes. With
increasing fields, the peak temperature shifts to lower values quickly at first up to 0.55 T,
followed by a slower change in the range of 0.55 – 1 T. Next, we examined the field
dependence of mean blocking temperature <TB> as shown in Figure 4.9(d). Interestingly,
both TP and <TB> curves exhibit similar responses in the two field regimes which are
demarcated by a critical field of ~ 0.5 T. In the low field regime, <TB> decreases sharply
and above ~ 0.5 T, the decrease is gradual. As discussed earlier in section 4.4, the
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presence of two slopes can be attributed to the bimodal energy barrier distribution arising
from the different anisotropies of the core (Ecore) and the shell (Eshell). So, in the ΔSM(H,T) curves, as the magnetic field increases, we observe that TP shifts from Tf-cr ~
49 K to Tf-sh ~ 23 K at two different field rates which are influenced by the magnetic state
of the nanoparticles.
To further test the field dependent peak shift in the IMCE region as a probe for
magnetic freezing and the energy barrier associated with it, we extended our study to ~
10 nm hollow nanostructures. The hollow nanoparticles (inset Figure 4.10(a)) essentially
replicate the core/shell nanoparticles, but without the presence of the core. If the
inference from the above discussion is correct, then the contribution to the energy barrier
distribution should be solely from the shell (hollow nanoparticle). Hence, there should be
only one peak in the IMCE region corresponding to freezing temperature of the hollow
nanoparticles (Tf-hollow). We measured the isothermal magnetization curves in the
temperature range of 5 – 90 K for magnetic fields up to 1 T. The magnetic entropy
change curves were calculated using Eq. (2.9) similar to the case of core/shell
nanoparticles. Figure 4.10(a) shows the -ΔSM(H,T) curves for different maximum applied
magnetic fields. With lowering the temperature, the -ΔSM(H,T) curves exhibit a positive
peak close to the blocking temperature ~ 70 K, followed by a negative peak T f-hollow ~ 23
K.
The development of IMCE in the case of the hollow particles can be attributed to
the net anisotropy field similar to the case of core/shell nanoparticles. It is to be noted
that a negative kink is observed in the -ΔSM(H,T) curves at ~ 55 K.
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Figure 4.10 (a) Temperature and field dependent magnetic entropy change
[-ΔSM (T,H)] for fields between 0.05 and 1 T for γ-Fe2O3 hollow
nanoparticles. The dotted line is a guide to the eye indicating the shift in
peak temperature with increasing applied field; (b) field dependence of
peak temperature (TP) from the -ΔSM (T,H) curves for core shell
⁄
nanoparticles; (c)
versus T/TP curves collapse onto
⁄
universal curve for hollow nanoparticles and (d)
versus
T/TP curves do not fall onto the same curve in case of core/shell
nanoparticles. Inset shows a bright field TEM image of synthesized
hollow nanoparticles.
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The origin of this feature is unknown, but we believe that it could arise from a
small fraction of core/shell nanoparticles that did not completely transform into the
hollow morphology via the Kirkendall effect. The freezing temperature Tf-hollow ~ 23 K in
the IMCE region agrees very well with Tf-sh of the core/shell nanoparticles. In Fig.
4.10(b), we plot the field dependence of peak shift in the -ΔSM(H,T) curves. It can be
seen that in the entire field range, the peak (TP) uniformly shifts to lower temperatures
contrary to the core/shell nanoparticles where dual field dependence is observed (Figure
4.9(c)). This successfully demonstrates magnetic entropy change as parameter sensitive
to the presence of a single energy barrier associated with the collective freezing of the
hollow nanoparticles.
Recently, we have established that a universal master curve may be constructed
for IMCE materials to describe ΔSM(H,T) without rescaling the temperature axis
[57],[58]. For IMCE materials, the magnetic entropy change ΔSM follows a power law
dependence of H (ΔSM

Hn; n is an exponent). The universal behavior in the IMCE

region and its difference from that of the universal behavior of a conventional MCE
material is discussed in detail in section 6.4. While the ΔSM(H,T) curves for the hollow
particles collapsed onto a single universal curve in the IMCE region (Figure 4.10(c)), no
such universal behavior could be found for the core/shell nanoparticles (Figure 4.10(d)).
This implies that the occurrence of a universal behavior is possible only if a nanoparticle
system has a single energy barrier distribution; however, the universal behavior is
destroyed for complex nanostructures with bimodal energy barrier as in the case of the
core/shell.
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4.8 Conclusion
In summary, we have investigated the static and dynamic magnetic behavior of
Fe/γ-Fe2O3 core shell nanoparticles. The nanoparticles exhibit a collective SSG type
behavior below the glass transition temperature and show signs of aging. We demonstrate
that the response of the core-shell nanoparticles in different low/high magnetic field
regimes is different and greatly influences the mean blocking temperature. The core
responds to low fields while the shell is unaffected; however at high fields, when the core
is saturated, <TB> is influenced by the dynamics of the shell. The energy barrier
distribution is found to have two maxima corresponding to the individual freezing of the
core and shell. Finally, we have shown conclusive evidence that the onset of EB depends
on the magnetic state of the core and shell. EB is found to develop at the temperature that
marks the onset of shell blocking below the freezing temperature of the core. These
observations open up the possibility of tailoring EB and its onset temperature by suitably
choosing different materials for the core and shell that show blocking and freezing
phenomena at a desired temperature range.
We demonstrate the presence of IMCE in core/shell Fe/γ-Fe2O3 nanoparticles.
The origin of IMCE is attributed to a disordered state in the nanoparticles due to the
random distribution of anisotropy axes which inhibits any long range FM ordering. This
is in good agreement with the negative

value obtained from the Curie-Weiss Law. We

show the two peaks in the IMCE region correspond to the freezing of the core and the
shell. The negative peaks shift to lower temperatures with increasing field, and the rate of
shift depends on the energy barrier distribution. We also show for hollow nanoparticles
that there exists only one negative peak associated with its freezing temperature in the
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IMCE region. For a system with bimodal energy distribution (core/shell nanoparticles),
the peak shift to lower temperatures exhibit two different responses to the low and high
field regime; however for a system with single energy barrier (hollow nanoparticles), the
peak shift has a monotonic field dependence. Also, we show that universality in the
ΔSM(H,T) curves is dependent on the nature of the energy barrier distribution. Therefore,
the magnetocaloric study allows one to obtain a comprehensive understanding of the
ground state, energy barrier distribution and individual response of the magnetic
components constituting a hybrid nanostructure.
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CHAPTER 52
ASYMMETRIC MAGNETIC HYSTERESIS LOOPS IN EXCHANGE BIASED
CORE/SHELL Co/CoO NANOSTRUCTURES
5.1 Introduction
In the previous chapter, we discussed the magnetization dynamics of the core and
shell to emphasize their role in triggering EB, for a FM (core)/ FIM (shell) system. A
common feature in a field-cooled (FC) hysteresis loop for a system exhibiting EB, is
vertical shift along the magnetization axis and asymmetry in the magnetization lobes [1].
Both these features were observed in the Fe/γ-Fe2O3 system. The vertical shift in FC
loops is attributed to uncompensated spins [2, 3]. Monte Carlo simulations have shown
that the net magnetization of the spins at the shell interface is responsible for the
asymmetry [4]. Despite this there are reports of nanoparticles with core-shell morphology
that exhibit EB without or negligible asymmetry in the hysteresis loops [5, 6]. Although a
lot of research has been carried out for exchange biased multilayer thin films to
understand the origin of asymmetry [7], there are few experimental studies in case of
core-shell nanoparticles. An important question emerges: Is it possible to deliberately
introduce and tune asymmetry in magnetic hysteresis of nanoparticles exhibiting
exchange bias? If true, then how does the magnetic anisotropy of the nanoparticles alter
2

Portions of these results have been previously published [Chandra et. al. Applied
Physics Letters 101 232405 (2012)] and are utilized with permission of the publisher.
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with the development of asymmetry? It has been reported that the ‘shell’ plays an
essential role in stabilizing magnetism of core-shell nanoparticles and has been proposed
to be crucial for applicability of future recording media [8].
In this chapter, we probe into a well-established EB system, namely
FM(core)/AFM(shell) Co/CoO nanoparticles. We demonstrate that the magnetic state of
the ‘shell’ holds the key to presence or absence of asymmetry in FC hysteresis loops. The
system under study is ~ 19 nm Co/CoO nanoparticles. We have experimentally
distinguished the individual temperature dependent magnetic response of the core and
shell. This gives us information about the instantaneous magnetic state of the core and
shell as asymmetry develops. In addition, our TS measurements provide a direct estimate
of the magnetic anisotropy and its evolution with temperature as asymmetry sets in. Our
analysis can be extended to core-shell nanoparticles with different compositions and
suggests that it may be possible to selectively choose the material constituting the shell to
gain control over the onset of asymmetry in a desired temperature range. We believe that
knowledge about the presence or absence of asymmetry in hysteresis loops may be used
to advantage while designing future applications based on exchange bias.
5.2 Synthesis and characterization
The core/shell structured nanoparticles were synthesized by high temperature
reduction of di-cobalt-octa-carbonyl in octadecene in the presence of olyelamine (OY)
and oleic acid (OA). The synthesis route adopted is modified from the previous reaction
route reported [9]. Briefly, OY and TOP (molar ratio 1:1) were dissolved in octadecene in
a three neck flask and heated in an airtight atmosphere while continuously purging with
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Ar+5%H2 to get rid of any free oxygen dissolved in the solvent and surfactants. Fe(CO)5
was injected at 220 oC and refluxed for one hour to yield a dark solution. The
nanoparticles were precipitated and extracted by adding absolute ethanol solution
followed by centrifuging.

Figure 5.1 (a) Bright TEM image, (b) Selected area diffraction pattern, (c)
HRTEM image and (d) histogram representing particle size distribution of
core/shell Co/CoO nanoparticles.

Figure 5.1(a) shows a conventional bright field transmission electron microscope
(TEM) image of the as synthesized nanoparticles. In the selected area diffraction pattern

86

[Figure 5.1(b)], well defined rings corresponding to the Co core and the CoO shell are
seen which suggests that the core and the shell are highly crystalline without the presence
of any amorphous phase. The high resolution transmission electron microscope
(HRTEM) image [Figure 5.1(c)] further reveals that the core is single crystalline with
spacing corresponding to the (101) planes of hcp cobalt whereas the shell is composed of
randomly oriented small crystallites. A representative histogram of the particle size
distribution is shown in Figure 5.1(d). The mean particle size is determined to be 19.3 ±
3.1 nm.
5.3 DC magnetization
The dc magnetic properties of the core-shell nanoparticles were measured using a
Quantum Design Physical Properties Measurement System (PPMS) with a vibrating
sample magnetometer (VSM) option. Figure 5.2 shows the temperature dependence of
magnetization in the temperature range of 5 K to 345 K measured under an applied field
of 100 Oe following the zero field cool (ZFC) and field cool (FC) protocols. It can be
seen that the ZFC and FC curves show irreversibility up to 345 K which indicates that the
nanoparticles have a blocking temperature TB > 345 K. Magnetization in the ZFC curve
(MZFC) decreases steadily as the temperature is lowered. A distinct change in slope is
observed in MZFC at ~ 100 K below which the rate of change in MZFC decreases. In the
inset, a magnified image of the FC curve is shown. The FC magnetization (MFC) shows a
peak at the Néel temperature (TN ~ 235 K) of the antiferromagnetic CoO shell which is
consistent with earlier reports [10].
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Figure 5.2 Magnetization vs. temperature curve in ZFC and FC protocols.
Inset shows a magnified image of the FC curve.
As the temperature is further lowered below TN, the MFC decreases at first
followed by an increase below T1 ~ 95 K. This kind of behavior in MFC has been reported
earlier in superspin glass (SSG) systems [11], or in nanoparticles that undergo surface
spin freezing along the direction of the cooling field [12]. A distinct change in slope of
MZFC along with an increase in MFC below T1 hints to a change in the magnetic state of
the sample.
5.4 Exchange bias effect
We performed exchange bias experiments on the Co-CoO nanoparticles by
measuring hysteresis loops in the ZFC and FC (1T) protocol. In the insets of Figure
5.3(a), M(H) loops at 10K and 100 K are shown for both the ZFC and FC conditions. A
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clear shift of the FC loop along the negative field axis confirms EB in the nanoparticle
system. The EB field is calculated as HEB [

|(

)|

] where H+ and H- are the

coercive fields for the ascending and descending curves respectively. The temperature
dependence of HEB is shown in Figure 5.3(a). EB develops below ~ 190 K; however a
significant increase in HEB is seen only below T2 ~ 160 K.
In order to interpret this behavior, it is important to get insights into the magnetic
state of the core and the shell separately. Recent reports have suggested that below TN, as
the temperature is decreased, EB develops from the blocking temperature of the Co core.
It has also been seen that EB may not be distinct if the individual grains constituting the
AFM CoO shell behave superparamagnetically below TN [13].
It is known that any blocking or freezing phenomenon in an ensemble of
nanoparticles is associated with a change in the energy barrier distribution [14]. So, it
becomes imperative in the case of our Co/CoO nanoparticles to map out the energy
barrier distribution with respect to temperature, which in turn will allow us to identify
any magnetic transition or crossover present in the sample. A useful method to estimate
the energy barrier distribution is from temperature decay of remanent magnetization [14].
The remanent magnetization is related to the blocking function distribution by Eq. (4.2).
The blocking temperature distribution function f(TB) can be estimated from the derivative
of Eq. (4.2) i.e.,

. The temperature dependence of isothermal remanent

magnetization (MIR) is shown in Figure 5.3(b). As the temperature decreases, MIR
increases steadily and reaches a maximum ~ 160 K below which it decreases.
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Figure 5.3 (a) Temperature dependence of exchange bias field for cooling
field of 1 T and (b) temperature dependence of isothermal remanence.
Insets in 5.3(a) show the ZFC and FC hysteresis loops at 10 K and 100 K.
Inset in 5.3(b) shows the temperature dependence of blocking function
distribution
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Such a behavior in MIR is rather unconventional but has also been reported in the
case of core-shell Fe/γ-Fe2O3 nanoparticles. The drop in MIR below 160K can be
attributed to the blocking of the individual grains constituting the shell in random
directions, as a result of which the effective magnetization (at zero field) per nanoparticle
drops [11]. It is reasonable to claim that the blocking of the shell moments at 160 K
enhances the anisotropy of the AFM shell, thus aiding the pinning of FM core moments
as it is reversed. This leads to a distinct rise in HEB from T2 ~ 160 K [Figure 5.3(a)]. In
the inset of Figure 5.3(b), the temperature dependence of the blocking function
distribution shows two prominent peaks at ~ 190 K and ~ 95 K. The peak in the energy
barrier distribution at 190 K occurs above the blocking temperature of the shell moments
(T2 ~ 160 K). Since the shell moments are superparamagnetic at T > T 2, the contribution
to the energy barrier is solely from the core moments at 190 K. So, as the temperature is
lowered from room temperature to 190 K, the core moments undergo a crossover from an
individual blocked state to a collective frozen state, which is associated with a maximum
in the energy barrier distribution (Tf-cr ~ 190 K). Below the freezing temperature of the
core, the nanoparticles begin to exhibit EB. It was shown experimentally, that the onset
of EB is marked by the temperature where the core moments are frozen and the shell
begins to show blocking behavior [11]. Although the blocking temperature of the shell
moments is T2 ~ 160 K, the possibility of some blocked shell moments at 190 K cannot
be ruled out due to the presence of finite size distribution in the nanoparticles. This
explains why EB is seen albeit not substantially pronounced between 190 K and 160 K. It
is only below the blocking temperature of the shell moments (T2), that EB is enhanced as
discussed earlier. The second peak in the energy barrier distribution at ~ 95 K occurs
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below the freezing temperature of the core and the blocking temperature of the shell. We
attribute this peak to the freezing of the shell moments (Tf-sh) which is consistent with
earlier reports [11]. Interestingly, the FC hysteresis loops measured below Tf-sh become
asymmetric and the degree of asymmetry increases as the measurement temperature is
further lowered. This is evident from the insets of Figure 5.3(a) where the FC loop is
symmetric at 100 K, but highly asymmetric at 10 K. Thus from the above analyses we
have identified three characteristic temperatures below TN; (i) the freezing temperature of
FM core moments at Tf-cr ~ 190 K which marks the onset of EB, (ii) the blocking
temperature of the AFM shell moments at T2 ~ 160 K leading to enhancement of EB and
(iii) freezing temperature of the AFM shell moments at T1 ~ Tf-sh ~ 95 K below which
asymmetry in the FC hysteresis loops is observed.
In earlier reports, the presence of asymmetric FC hysteresis loops have been
attributed to competing anisotropy [7], increase in interface coupling [15]. In case of
FM/AFM bilayers, the angle between the easy axis and magnetic field direction is
responsible for the asymmetry [7]. The development of asymmetry in the FC hysteresis
loop suggests the role of different reversal mechanisms in the demagnetizing and return
curves influenced by the magnetic anisotropy. It has been studied that the presence of
small clusters of Co in the diffusion layer around the Co core may be responsible for
asymmetry [16]. However, such clusters which appear as defect sites in the CoO shell
exhibit a low temperature paramagnetic response associated with a sharp rise in
magnetization. In the case of our sample, no such low temperature paramagnetic response
was observed, which rules out the presence of any defect in CoO that could be
responsible for the observed asymmetry. This implies that the asymmetry in FC
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hysteresis loops below Tf-sh is an intrinsic property and that its development is controlled
by the local anisotropy of the core and shell.
5.5 Transverse susceptibility
To understand the evolution of effective magnetic anisotropy field with
temperature and its relationship to EB, radio frequency transverse susceptibility
measurements based on a tunnel diode oscillator (TDO) were conducted. This technique
is excellent to probe subtle dynamic magnetic responses associated with change in
magnetic anisotropy as discussed in chapter 3. A typical experimental procedure is to
cool the sample in the absence (ZFC-TS)/ presence (FC-TS) of a magnetic field to a fixed
temperature and then sweep the magnetic field from positive saturation to negative
saturation (unipolar scan) and back to positive saturation for a bipolar scan. The change
in TS which is directly proportional to the change in resonance frequency was estimated
following Eq. (3.16).
Unipolar ZFC-TS curves in the temperature range of 10 K to 300 K and within
the magnetic field range ±1 T are shown in Figure 5.4(a). In a unipolar scan, as the
magnetic field is swept from positive to negative saturation at a constant temperature, two
distinct peaks develop [Figure 5.4(b)] that correspond to the first (HK1) and second (HK2) anisotropy fields, which is consistent with the theoretical prediction by Aharoni et.
al. and other experimental results as discussed in section 3.2.3. The temperature
dependence of the anisotropy fields is shown in Figure 5.4(c). The magnitude of
anisotropy fields (HK1 and –HK2) increases as the temperature is lowered down to T2
below which a nominal decrease is noticed.
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Figure 5.4 (a) 3D plot of unipolar TS scans showing temperature and
magnetic field dependence under ZFC conditions, (b) Representative
unipolar TS scan at 20K to illustrate the peaks at anisotropy field and the
maximum value of
, (c) temperature dependence of effective
anisotropy fields, (d) temperature dependence of (
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)max.

On further cooling, a sharp rise is observed at Tf-sh. While the sample is cooled
from room temperature, the primary contribution to the anisotropy is from the core;
however, as the temperature crosses T2, the blocking of the shell moments in random
direction nominally reduces the effective anisotropy field as seen in Figure 5.4(c). The
freezing of the shell moments at Tf-sh introduces additional anisotropy which can be seen
as the sharp rise in –HK2 that increases progressively as the temperature is lowered.
The maximum change in TS [(Δχ/χ)max] is sensitive to any change in the dynamic
magnetic state [17]. In Figure 5.4(d), the temperature dependence of (Δχ/χ)max shows a
gradual increase up to T2 ~ 160 K followed by a rapid increase in TS peak height which
marks the unblocking of shell moments and simultaneous suppression of EB in the
system. At room temperature, the presence of anisotropy peaks [Figure 5.4(c)]
corroborates the fact that the core is still in the blocked state. We expect the two
anisotropy peaks to merge into a single peak at the blocking temperature of the core
moments above which the nanoparticles will be completely superparamagnetic [18].
The effect of field cooling on the magnetic anisotropy is pivotal in understanding
the mechanism responsible for such asymmetric loops. We performed FC-TS
measurements in the temperature range of 10 K to 300 K by cooling under an applied
field of 1 T. Figures 5.5(a) and (b) show the TS curves for bipolar scans at 20 K and 130
K which represent temperatures below and above Tf-sh respectively. In both cases [Figure
5.5(a) and (b)], while the dc magnetic field is swept from positive to negative saturation,
the first (HK1) peak is higher than the second (-HK2) peak.
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Figure 5.5 (a,b) Bipolar TS scan at 20 K and 130 K under FC condition
indicating the anisotropy fields and η, (c) temperature dependence of η,
(d) Temperature dependence of shift in the first anisotropy peaks in the
bipolar scans.
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This is qualitatively understood from the perspective of competition between the
Zeeman energy (which dominates near saturation and causes forcible alignment of
moments in field direction while cooling) and anisotropy energy (which dominates near
zero field) [19]. Similarly, when the field is swept from negative to positive saturation in
the return curve one would expect the first (-HK1) peak to be higher than the second (HK2)
peak. This is seen in the TS curves at 130 K [Figure 5.5(b)], but, at 20 K [Figure 5.5(a)],
the first (-HK1) peak is lower than the second (HK2) peak contrary to previous results [18,
19].
We plotted [Figure 5.5(c)] the difference in peak height (η) with respect to
temperature for the return TS curve. Negative values of η indicate that the peak height of
–HK1 is lower than HK2. As the temperature is decreased, the value of η crosses over from
positive to negative at Tf-sh ~ 95 K. This can be understood as follows; the freezing of
shell moments along the cooling field direction introduces additional anisotropy energy
which dominates over the Zeeman energy in the return curve. This additional anisotropy
energy persists up to Tf-sh and vanishes for higher temperatures yielding conventional FCTS return curves and symmetric FC hysteresis loops (inset of Figure 5.3(a)).

The

temperature dependence of the relative shift of the first anisotropy field [-(-HK1)-(HK1)] is
shown in Figure 5.5(b). The nature of the curve shows striking resemblance to HEB(T)
curve [Figure 4.3(a)]. The shift in anisotropy field decreases as the temperature is
increased, and becomes highly diminished above T2 as indicated.

97

5.6 Conclusion
In summary, we have studied the static and dynamic magnetic properties of
Co/CoO core-shell nanoparticles. We are able to map out the temperature dependent
energy barrier distribution which allows us to identify Tf-cr (freezing of core moments
triggering onset of EB), T2 (blocking temperature of shell moments) and Tf-sh (freezing
temperature of shell moments). The field cooled hysteresis loops exhibit exchange bias
and are found to be symmetric and asymmetric above and below freezing temperature of
the shell moments respectively. The TS measurements are highly consistent with our
above findings thus proving to be an excellent probe for low temperature magnetic
phenomena. We have shown clear evidence of shell freezing due to which the anisotropy
energy overcomes the Zeeman energy below Tf-sh resulting in asymmetric hysteresis. The
temperature dependence of shift in anisotropy field on field cooling follows a similar
trend as EB field and vanishes above Tf-cr. Hence, from our result we conclude that the
magnetic anisotropy associated with the ‘shell’ controls the nature of the FC hysteresis
loops for materials exhibiting EB and an appropriate selection of the ‘shell’ material with
known freezing temperature, will allow us to tune onset of asymmetry in the temperature
scale.
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CHAPTER 63
MAGNETIC PROPERTIES OF La0.5Sr0.5MnO3 NANOWIRES
6.1 Introduction
Magnetic

properties

of

nanostructures

are

greatly modified

by their

dimensionality [1, 2]. In the past, great impetus has been given to the understanding of
the physical properties of nanoparticles (zero D), and thin films (2D), however, the 1D
counterparts of such materials, i.e. nanotubes, nanowires have been relatively less studied
[2]. One of the reasons could be the difficulty in synthesizing or fabricating high aspect
ratio nanostructures. Recent reports reveal that, the properties of manganites are
markedly modified due to nanostructuring [6], particularly at half doping where size
reduction in a number of manganites were found to destabilize the charge ordering [7]. It
has been emphasized that the surface plays an important role in determining magnetic
and electronic properties of manganites nanostructures [8, 9], [10]. The size reduction can
affect the manganites nanostructures in a non-trivial way, as seen in optimally doped
manganites, where the surface effects generally arise from a disorder layer of thickness ~
2.5nm [11]. For materials which are antiferromagnetic in their bulk form, size reduction

3

Portions of these results have been previously published [Chandra et. al.
Nanotechnology 24 505712 (2013); Chandra et. al. DOI: 10.1557/opl.2012.1234 MRS
proceedings 2012; Datta et. al. J. Nanomaterials Volume 2013, Article ID 162315, 6
pages http://dx.doi.org/10.1155/2013/162315] and are utilized with permission of the
publisher.
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leads to the enhancement of ferromagnetism at the expense of antiferromagnetism, as
predicted by Néel [12]. Some reports also suggest the presence of a magnetically dead
layer on nanoparticles, to account for the reduction in spontaneous and saturation
magnetization [13]. In this regard, there is a key difference between nanoparticles and
nanowires. Usually, in case of nanowires, while the diameters are in the conventionally
accepted nano regime (below 100 nm), the length of the nanowires can extend up to few
microns due to their high aspect ratios, which strictly speaking is in the scale of bulk
materials. This hints to the fact that, in case of nanowires, while the surface effects may
play a role in determining their magnetic properties, they may still retain bulk-like
properties, which are otherwise suppressed or diminished in nanoparticles.
In this chapter, we obtain a comprehensive understanding of the modification in
the magnetic and magnetocaloric properties of half-doped manganites single crystalline
nanowires with the composition: La0.5Sr0.5MnO3. Although there are reports highlighting
the investigation of MCE in nanoparticles [9] (zero D) and thin films [20] (2D) of
manganites, there is hardly any study on such systems in the nanowire [10] (1D) form. It
had been reported that bulk La0.5Sr0.5MnO3 undergoes a paramagnetic (PM) to FM
transition at 315 K followed by a FM to A-type charge disordered (CD)
antiferromagnetic transition [21]. Hence, this composition provides us with an
opportunity to study the influence of dimensionality on the ferromagnetic and
antiferromagnetic transitions reported in their bulk form. The nanowires exhibit inverse
magnetocaloric effect (IMCE) followed by the unusual re-entrance of conventional MCE,
where the exchange coupling between the ferromagnetic core and surface spins develops
as exchange bias (EB) effect. Both phenomena are rarely observed in such one102

dimensional structures. However, EB in the nanowires is attributed to a coupling between
the FM(core)/SG(shell) only below the spins freezing temperature. The effective
magnetic anisotropy of the nanowires is studied with a sensitive tunnel diode oscillator
(TDO) technique, and its dependence on magnetic phase coexistence is discussed.
6.2 Synthesis and characterization
The LSMO nanowires were synthesized by the hydrothermal technique. Briefly,
stoichiometric quantities of MnCl2.4H2O, La(NO)3.6H2O, and SrNO3 were mixed with
KOH and KMnO4 which served as mineralizer and oxidizer respectively. The precursor
materials were stirred vigorously in deionized water and then poured into a Teflon lined
stainless steel autoclave. The hydrothermal reaction was allowed to continue for 30 hours
at 270 °C. After the reaction was complete, the products were washed with deionized
water and the nanowires were obtained as a black powder. Further details of the synthesis
procedure can be found elsewhere [22].

Figure 6.1 (a) SEM image, (b) lattice stripe image obtained by a high
resolution TEM, and (c) X-ray diffraction pattern of La0.5Sr0.5MnO3
nanowires. Inset of (b) shows the selected area diffraction pattern.
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Figure 6.1(a) shows a typical SEM image of the as synthesized nanowires. The
nanowires are found to vary in diameter and length, in the range of 20 – 50 nm, and 1 –
10 micron respectively. As it can be seen, the surfaces of the nanowires synthesized are
smooth and the nanowires maintain a constant diameter along their entire lengths when
compared to template assisted grown nanowires, which tend to have rough surfaces [23].
The crystalline nature of the nanowires is studied by performing high resolution TEM
(Figure 6.1(b)). The selected area diffraction pattern (inset of 6.1(b)) indicates that the
nanowires are single crystalline. Energy dispersive X-ray analysis was done on several
nanowires to confirm that the atomic percentage ratio of La : Sr : Mn is approximately 1 :
1 : 2. The XRD pattern (Figure 6.1(c)) of the nanowires corresponds to the tetragonal
crystal structure of the space group I4/mcm. The lattice parameters obtained by Rietveld
analysis are a = b = 0.545 nm, and c = 0.770 nm. This confirms that the nanowires
constituted of a single tetragonal phase.
The elemental analysis of these nanowires was done by electron energy loss
spectroscopy (EELS) on different single nanowires repeatedly and estimated the valency
of Mn from the calibration curve shown in Figure 6.2(a). We have determined Mn
valency using the white lines (L2, L3 ionization edges of Mn) and the intensity ratio of
L3 and L2 lines [11]. The intensities of L3 and L2 lines are related to the unoccupied
states in the 3d bands. Transition from Mn 2p shell is actually split into two components
separated by spin orbit splitting of the ionized 2p core level. Transitions from 2p3/2 to
3d3/2 3d5/2 and from 2p1/2 to 3d1/2 are L3 and L2 lines, respectively. Comparing the
intensity L3/L2 ratio of Mn of LSMO nanowire and that of Mn with known valency of
some compounds, quantitative determination of Mn valency of our sample was evaluated
104

[9]. The intensity ratios of L3 and L2 lines of different Mn oxide compounds as a
function of their known valency are plotted in Figure 6.2(a).

Figure 6.2 (a) Intensity ratios of L3 and L2 lines of different Mn oxide
compounds as a function of their known valency in the energy range 600–
1000 eV; (b) Energy Filtered Transmission Electron Microscope
(EFTEM) image of each constituent element: L map of La, Sr, and Mn
and K map of O in LSMO nanowire. The red, green, blue, and yellow
colors represent the distribution of elements O, Mn, La, and Sr,
respectively in the nanowire in the RGB composite map.
This curve serves as the calibration curve from which the valence state of
unknown materials can be obtained by using the observed intensity ratios. From the
calibration curve, we have estimated the valency of Mn of LSMO nanowire. The Mn
valency is of the order of ∼ 3.5, and it is very close to its bulk value. Energy Filtered
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TEM image was taken to check the homogeneity of the elemental distribution in each
nanowire. Figure 6.2(b) shows the EFTEM image of LSMO nanowire, where red, green,
blue, and yellow colors are used for elements O, Mn, La, and Sr, respectively. The
EFTEM analysis shows that all the constituent elements La, Sr, Mn, and O are
homogeneously distributed within the nanowire.
6.3 DC and AC magnetization
The randomly oriented nanowires were tightly packed into a gelatin capsule
before performing the magnetic measurements. This was done to avoid any physical
motion. Figure 6.3(a, b, c, d) presents the temperature dependence of DC magnetization
M(T), measured under different applied fields. In Figure 6.3 (a, b) the magnetization
curves were measured following the ZFC, FCW, and FCC protocols, however, only the
ZFC and FCW curves are shown in figure (c, d). As the sample temperature is lowered
from 340 K, it can be seen from the M(T) curves that the nanowires exhibit a
paramagnetic (PM) to ferromagnetic (FM) transition at TC ~ 315 K followed by a peak at
TN ~ 210 K which is associated with the onset of FM to AFM (antiferromagnetic)
transition. On further lowering the temperature, a slight increase in magnetization is
observed at 42 K. It is well known that LSMO (x = 0.5) can have either a rhombohedrally
distorted structure or a tetragonal crystal structure at room temperature. Neutron
diffraction studies reveal that in case of the rhombohedral structure, the TC shifts to ~ 375
K, and no antiferromagnetic transition is observed at lower temperatures; however, in
case of the tetragonal structure, the TC shifts to ~ 310 K and the system undergoes a
transition to the A-type anitiferromagnetic ordering at ~ 220 K which is similar to the
case of the nanowires in the present study [21].
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Figure 6.3 Zero field cooled (ZFC)(blue), field-cooled cooling FCC
(green) and field cooled warming FCW (red) magnetization curves
measured under applied fields of (a) 100 Oe and (b) 1000 Oe. ZFC and
FCW magnetization curves obtained under applied magnetic field of (c)
2000 Oe and (d) 5000 Oe. (e) real and (f) imaginary part of linear ac
susceptibility vs. temperature plot for different frequencies. Inset of (e)
shows a magnified view of χ’(T) for more frequencies.
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In Figure 6.3(a), the ZFC and FCW curves measured in an applied field of 100 Oe
show a bifurcation or irreversibility below TC. As the applied magnetic field is increased,
the irreversible temperature shifts to lower temperatures as shown in Figure 6.3(b,c,d).
The presence of such a bifurcation, is common in case of nanoparticles, and can be
associated with the blocking temperature. However, in case of the nanowires, due to the
high aspect ratio, and with the length of the nanowires extending to tens of microns, it is
not possible to define a blocking temperature. It has also been reported that a bifurcation
in the M(T) curves can be observed due to the presence of a canted magnetic state [18] or
due to phase co-existence (FM and AFM) which is common in manganites [24]. There
exists a thermal hysteresis between the FCW and the FCC curves shown in figure 6.3(a,
b) which may occur due to various phenomena such as kinetic arrest [25], or phase
transition of first order [26], or due the phase coexistence. In case of our sample, there are
no reports of kinetic arrest or magnetic transitions of first order. We can infer that
perhaps, the thermal hysteresis can occur only due to coexistence between the FM and
AFM phases. This is supported by the fact that the difference between the FCC and FCW
curves decreases at higher measurement fields.
A common feature in all the M(T) curves in the rise in magnetization at T L ~ 42K
(Figure 6.3 (a,b,c,d)). Such a feature can be associated with a low temperature magnetic
transition, or due to the alignment of disordered surface spins usually accompanied with a
glass-like behavior [27]. Interestingly, the location of this rise in magnetization (FCW
curve) in the temperature scale is independent of the measurement field. However, as it
can be seen that the shape of the ZFC curve is greatly modified by the applied field and
the irreversibility temperature shifts to lower values with increase in field. In order to
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probe the nature of this transition, AC susceptibility measurements were performed. The
measurements were done by applying an AC magnetic field of 10 Oe within the
frequency range of 10 Hz – 10 kHz. Figure 6.3(e), and 6.3(f) show the temperature
dependence of the real (χ’) and imaginary (χ’’) parts of ac susceptibility in the in the
temperature range of 10 – 340 K respectively. The χ’(T) curves shows a maximum at TN
with no frequency dependence and a kink at TL. In addition, the χ’’(T) curves which give
us insight into and magnetic lossy behavior show a peak at TC, a broad shoulder at TN and
a kink at TL. All these results compliment the data obtained from DC magnetization. In
the inset of Figure 6.3(e), we present a magnified view of the χ’(T) curves (with more
frequencies) and observe a weak frequency dependence. The χ’(T) peak shifts to a higher
temperature as the frequency is increased, which is consistent with other reports [9, 28].
An attempt to fit the peak shift in χ’(T) to the Néel-Arrhenius law or the Vogel-Fulcher
law yielded unphysical results, thereby, suggesting that the magnetization dynamics
cannot be explained with a non-interacting or a weakly interacting particle model.
However, the nature of peak shift can be empirically understood by the relation
⁄

, where

value for

ranges from 0.005 – 0.01 for a metallic SG system [29]. The

estimated was ~ 0.008 which hints that the nanowires are undergoing a SG

type transition at 42 K, which may originate from the surface spins.
From the discussion above, we can infer that, (i) the nanowires exhibit phase
coexistence below TN, and (ii) a low temperature anomaly is observed which may be due
to surface spin freezing. It has been reported earlier that the magnetic properties of the
surface spin affects the magnetism of the core [7]. In the case of manganites, it is well
known that the ferromagnetism is mediated via double exchange (DE) mechanism and
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antiferromagnetism is stabilized by superexchange (SE) interactions between the Mn
atoms.[7] In view of this, it becomes imperative to understand how the surface spin
freezing of the nanowires affects the phase coexistence in which there are competing DE
and SE interactions.
6.4 Magnetocaloric effect
To evaluate the MCE, we measured a family of isothermal magnetization curves
for magnetic fields up to 5 T (inset of Figure 6.4(a)). The change in magnetic entropy was
calculated using Eq. (2.9). Three distinct peaks are seen in the temperature and field
dependence of –ΔSM as shown in Figure 6.4(a). As the temperature is lowered from 340
K, first positive peak is observed at ~ 290 K which can be attributed to the PM-FM
transition. This is followed by the crossover of the –ΔSM values from positive to negative
at ~ 210 K (TN). Below TN, a negative peak develops at ~ 175 K which corresponds to the
temperature with strongest AFM interactions and manifests as the inverse magnetocaloric
effect (IMCE).
It is worth mentioning that there are several previous studies of half-doped
manganite nanostructures, highlighting the complete suppression of the AFM state, which
was otherwise evident in their bulk form [6, 7, 33]. In this context, the development of
AFM correlation in the present nanowires is intriguing. Generally, the development of
antiferromagnetism in bulk half-doped manganites is associated with charge ordering
(CO), which evolves as a martensitic transition. In case of nanostructures, it becomes
difficult to accommodate the lattice strain associated with typical martensitic transitions
[33, 34], which eventually results in the observed suppression of antiferromagnetism.
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Figure 6.4 (a) Temperature dependence of magnetic entropy change; (b)
M2 vs. H/M (Arrott plot) curves for different temperatures. Collapse of
the magnetic entropy change curves onto a universal curve in the (c)
IMCE and (d) MCE region. Inset of (a) shows the M(H) curves for all
temperatures. Insets of (b) show the Arrott plots in different temperature
ranges.
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However for the La0.5Sr0.5MnO3 compound, the AFM state is A-type and as
discussed earlier it is not related to CO transition. This explains why the AFM phase is
stabilized in the nanowires, and strengthens with applied magnetic field in the IMCE
region. It is worth mentioning that there are several previous studies of half-doped
manganite nanostructures, highlighting the complete suppression of the AFM state, which
was otherwise evident in their bulk form [6, 7, 33].
We also observe a positive peak at 45 K which is associated with the kink
observed in the M(T) curves (Figure 6.3). This implies that on further lowering the
temperature, the FM contributions overcome the competing AFM interactions at ~ 75K
below which –ΔSM becomes positive. One can argue that the low temperature peak ~ 45
K can originate from a first order structural transition. In order to check that, we
constructed Arrott plots as shown in Figure 6.4(b). The M2 vs. H/M curves are grouped
into three temperature ranges corresponding to the three magnetic transitions. Insets (i)
and (ii) in Figure 6.4(b) correspond to the low temperature FM phase (below 70 K) and
the intermediate IMCE region (70 – 200 K) respectively. According to the Banerjee
criterion [35], a negative or a positive slope in the M2 vs. H/M curves can be associated
with a first order or a second order transition respectively. The absence of any negative
slope in the entire temperature scale rules out the possibility of a first order transitions.
Usually for an AFM system exhibiting IMCE, no spontaneous magnetization is
observed [32]. The spontaneous magnetization in a system can be estimated by
extrapolating the M2 vs. H/M curves from high H/M values and finding the intercept on
the M2 axis. Typically, for an AFM system, this intercept passes though the origin.
Contrary to this, in case of the nanowires, we observe spontaneous magnetization (see
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inset (ii) in Figure 6.4(b)). This can be attributed to the presence of finite FM regions
within the predominantly AFM nanowires, which spontaneously align to a small
magnetic field.
Recently, it was shown that there exists a universal behavior in the –ΔSM(H,T)
curves, for materials exhibiting IMCE[19, 36] which is different from that reported for
conventional MCE materials [37]. For IMCE materials the magnetic entropy change –
ΔSM follows a power law dependence of magnetic field.
(6.1)
Here ‘n’ is an exponent independent of H and T, which is unique for IMCE
materials. For a material exhibiting conventional MCE, the value of n is temperature
dependent. A universal master curve can be generated without rescaling the temperature
axis for IMCE materials [19]. In order to generate the universal master curve, the entropy
change is normalized by its maximum value (i.e.

⁄

), and the x axis is ⁄

.

Figure 6.4(c) shows that the –ΔSM(H,T) curves (selected magnetic fields in the range of
0.2 – 5 T) for the nanowires in the IMCE region can be successfully collapsed onto a
universal curve following Eq. (6.1). This suggests that such a universal behavior also
holds true for systems exhibiting phase coexistence. In addition, we have shown in Figure
6.4(d) that a universal master curve can also be generated in the FM region (above 210
K) by introducing a reduced temperature defined as:
(6.2)
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where, Tr is a reference temperature corresponding to a certain fraction f’ that
satisfies ΔSM/

= F, and TP is the temperature corresponding to ΔSMax. To construct

the universal curve F = 0.5 was used. Such a universal behavior has been well studied in
various ferromagnetic systems exhibiting second order phase transitions (SOPT)
including manganites [18, 38, 39]. If a material exhibits conventional MCE which is
associated with the coexistence of more than one FM state, then two reference
tempeetatures have to be used in the definition of

in order to construct the universal

curve.
6.5 Transverse susceptibility
Next, we extended our study to understand the influence of such magnetic phase
coexistence on the effective magnetic anisotropy and how it evolves with temperature.
The TS experiments are performed by the TDO technique as explained in section 2.2.3.
The

curves were taken following the relation given in Eq. (3.16). In

principle, we want to exploit the fact, that the effective anisotropy field would be
significantly affected by the volume fraction of the FM phase in the nanowires.
Figure 6.5(a) shows a typical TS curve obtained from a bipolar scan at 60 K,
where the red and the black curves were generated while sweeping the magnetic field
from positive to negative saturation (±2 T) and vice versa. In the inset, a magnified view
of the TS curves is shown to better illustrate the peaks for the descending curve (+H K)
and the return curve (-HK). For both the ascending and the return curves, we observe that
while the first anisotropy peak is distinct, the second anisotropy peak appears as a broad
shoulder and is not well defined. Generally, under experimental conditions, various
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factors like particle size distribution or inter-particle interaction cause the negative
anisotropy peak to merge with the switching peak [41].

Figure 6.5 (a) Representative bipolar transverse susceptibility (TS) curve
at 60 K, (b) Unipolar scans at selected temperatures, (c) temperature
dependence of effective anisotropy fields, and (d) temperature dependence
⁄ . Inset of (a) shows a magnified view to illustrate the peaks
of
at the anisotropy fields.
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Hence, we will use the first anisotropy peak (±HK) to define the anisotropy field.
However, the evolution of the second anisotropy peak provides qualitative information
about the switching behavior of the magnetic domains. In Figure 6.5(b), we show
unipolar scans of the TS curves for selected temperatures below TN. It can be seen that as
the temperature is lowered, the shoulder moves to higher field values and the asymmetry
in the curves increase. This can be attributed to the presence of a distribution in the
switching fields, possibly due to the presence of a glassy state arising from the magnetic
phase coexistence. This implies that with the lowering of temperature, the system
progresses into a more frustrated state where higher fields are required for magnetization
switching. The evolution of the anisotropy field (±HK) for bipolar scans is shown in
Figure 6.5(c). At this point, we would like to mention that the maximum applied field of
2T is not sufficient to align the highly disordered surface spins (also evident from the
M(H) curves in inset of Figure 6.4(a)). Hence, only the magnetic moments at the core of
the nanowires contribute to the anisotropy peaks. In the FM region (above 210K), the
nanowires have almost constant anisotropy, however at TN ~ 210K, a decrease in the ±HK
values is noticed, which is consistent with the fact that as the nanowires undergo a FMAFM transition, the effective anisotropy drops due to the dominant AFM phase. Below
TN, as the temperature is lowered, we observe an increase in ±HK, indicating magnetic
phase separation with an increase in the FM volume fraction. However, below 80 K, the
increase of anisotropy field ceases and remains close to ~ 300 Oe, which suggests that ~
80 K, the growth of ferromagnetism in the core of nanowires stabilizes and remains
nearly constant. This is also consistent with the magnetocaloric data (Figure 6.4(a))
where, below 75 K, the –ΔSM(H,T) curves become positive indicating dominating FM
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interactions. So, the question that arises is, why do we not see any change in the
anisotropy field ~ 42 K which is associated with a rise in the magnetization (Figure 6.3)
and also a peak in the –ΔSM(H,T) curves (Figure 6.4(a))? As discussed above, since the
contribution to HK is solely from the core spins, any change to the magnetization of the
surface spins of the nanowires would not be reflected in HK. Consequently, we can
conclude that the anomaly at ~ 42K has to be due to the surface spins, probably
undergoing magnetic freezing. The maximum change in TS [

⁄

] is sensitive to

changes in the dynamic magnetic state of system. In Figure 6.5d, the temperature
dependence of

⁄

exhibits a peak at TN followed by a distinct drop at ~ 40K,

which marks the freezing temperature of the surface spins as discussed above.
6.6 Exchange bias effect
So, within the framework of a core/shell model, below 42 K, our nanowires
resemble the classic case of a SG/FM system, where the frustrated surface moments with
multiple stable spin configurations are glassy, and the core is ferromagnetic [42]. If the
hypothesis is true, one can expect the development of exchange coupling between the
core and the surface spins, which should manifest as exchange bias (EB). This was
verified by field cooling (2T) the nanowires to 5K measuring hysteresis loops. A clear
shift of the FC loop (Figure 6.6(a)) along the negative field axis confirms EB in the
[

system. The EB field is calculated as

|

|

], where H+ and H- are the coercive

fields for the ascending and descending curves respectively. Also, we notice an increase
in the coercive field of the FC loop accompanied with vertical shift (Figure 6.6(a)) which
suggests enhanced unidirectional anisotropy.
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Figure 6.6 (a) M(H) hysteresis loops at 10 K under FC (2T) and ZFC
conditions; (b) temperature dependence of exchange bias field. Inset of (a)
shows a magnified view at low fields.
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The temperature dependence of EB is shown in Figure 6.6(b). It is widely
accepted for phase separated materials that the coexistence of FM clusters in an AFM
matrix leads to the natural FM/AFM interfaces, as a result of which, EB may develop
[43]. However, the nanowires are found to exhibit no EB above 45 K, even though phase
coexistence persists up to TN. As expected, above 45 K, due to lack of sufficient
exchange coupling between the disordered surface spins and the core, EB vanishes. EB
manifests only below the freezing temperature of the surface spins. Perhaps, this can be
explained based on increase in the surface hydrostatic pressure upon surface spin
freezing, which results in enhanced ferromagnetism of the core spins [7]. For EB to
develop in a system, there must exists two exchange coupled phases: one reversible
phase, and on fixed phase that cannot be reversed in the field range of measurements
[44]. In case of the nanowires, while the predominantly FM core spins are reversible, the
disordered frozen surface spins behave as the fixed magnetic phase. Above TL, due to the
unfreezing of the surface spins, they begin to rotate with the core spins on sweeping the
magnetic field, which results in disappearance of the EB effect.
6.7 Conclusion
In summary, single crystalline LSMO nanowires were synthesized by the
hydrothermal technique. We performed DC and AC magnetic, magnetocaloric and
transverse susceptibility studies to understand the temperature and field dependent
magnetization dynamics of the nanowires. The nanowires undergo a PM-FM transition at
TC ~ 310 K followed by a FM-AFM transition at TN ~ 210 K exhibiting conventional
MCE and IMCE respectively. Our results point to the presence of magnetic phase
coexistence with competing DE and SE interactions arising from the FM and AFM
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domains. As the temperature is lowered, the FM volume fraction increases and
overcomes the AFM interactions (~ 75 K), which is marked by reentrance of
conventional MCE. On further lowering the temperature (~ 42 K), the surface spins
undergo a freezing phenomenon with weak frequency dependence. It is to be stressed
that, precisely at the surface spin freezing temperature (TL), we observe the onset of EB.
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CHAPTER 7
MAGNETIC PROPERTIES OF LaMnO3 NANOPARTICLES
7.1 Introduction
A superferromagnetic material is known to be composed of homogeneously
magnetized SFM domains. Each SFM domain is made up of superspins and has a
preferential magnetization direction analogous to a domain made up of atomic spins in
conventional ferromagnets. Consequentially, the SFM domains are thought to be
separated by domain walls and a substantial amount of research has been conducted into
understanding their different dynamic modes [1]. However there is a lack of fundamental
understanding on the role of such SFM domain walls on the overall magnetic properties
and its evolution with time.
In this chapter, we show experimental evidence of a new magnetic state called the
‘ferromagnetic superglass’ (FSG) with characteristic magnetic signatures which are
different from the known magnetic states of nanoparticles so far. At low temperatures,
magnetic relaxation experiments reveal a power law decay along with significantly high
remanance magnetization similar to a superferromagnetic system, however, memory
effects and aging associated with superspin glass systems are also observed. The domain
wall magnetization is proposed to play a significant role in the development of the FSG
state. Our results also demonstrate that certain established tests for verifying the
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formation of superferromagnetism and superspin glass state are not valid for all cases and
should be revisited.
7.2 Synthesis and characterization
The system studied is nanocrystalline LaMnO3. The samples were synthesized via
the sol-gel method followed by annealing at different temperatures [2]. The starting
materials were La(NO3)3.6H2O, MnO2, citric acid, and oxalic acid. Stoichiometric
amounts (1:1) of MnO2 and La(NO3)3 were weighed. The MnO2 was converted into its
nitrate by magnetically stirring it overnight in conc. HNO3 and an excess of oxalic acid
(1.5 times the molar ratio of MnO2), until it dissolved completely. Finally,
La(NO3)3.6H2O, and citric acid (excess of 2.6 times molar ratio of LaMnO3) were added
into the reaction beaker. This mixture was slowly evaporated (at 80 °C), until a gel was
formed. At the final stages of the reaction, the gel converts into a black porous powder
which is accompanied by emission of brown fumes. This black powder was ground
evenly by a mortar-pestle, and then divided for heat treatment at different temperatures.
The black powder was subjected to a two stage heating treatment; at first the porous
powder was heated at 400 °C overnight (typically 12 – 15 hours) to get rid of any
unreacted organic material, and then it was heated to a desired temperature for a period of
6 hours for crystallization. Two different samples were obtained by annealing at 650 °C
and 800 °C, henceforth, referred to as S1 and S2 respectively.
HRTEM images reveal highly crystalline single domain nanoparticles for both S1
and S2 with average size around 13 nm and 32 nm respectively, as shown in Figure 7.2
(a-d). Usually, nanoparticles within such size range are found to exhibit significant
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crystalline defects on the surface; however, both S1 and S2 are found to have almost
defect free surfaces as evidenced from the sharp crystalline edges of the nanoparticles in
the micrographs (Figure 7.2 (b, d)). Several TEM images from different grids were
studied to verify the occurrence of defect free surfaces in the nanoparticles. In the insets
of Figure 7.2(b and d), we have provided fast Fourier transform (FFT) generated
numerically from the selected area (dotted box) of the respective HRTEM images. The
bright spots corresponding to the respective lattice spacing in the HRTEM images are
indexed. EDX spectrum reveals the presence of desired elements in the sample (Figure
7.2(e))

Figure 7.1 XRD pattern of samples S1 and S2.
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(e)

Figure 7.2 (a) and (b), bright field HRTEM images of 13 nm (S1)
particles. Inset of b: numerical fast Fourier transform generated from the
area marked by dotted box. (c) is a low magnification TEM image of 32
nm (S2) particles, (d) shows HRTEM image with numerical FFT in the
inset, and (e) EDX spectrum of sample S1.
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7.3 DC and AC magnetization
Figure 7.3 shows the temperature dependent dc magnetization curves for samples
S1 and S2 measured using the zero-field cool (ZFC) and field cool (FC) protocols under
an applied field of 50 Oe. Both the samples exhibit a paramagnetic to ferromagnetic
transition. The Curie temperature (TC), assigned as the peak position in the dM/dT vs. T
curves, is found to be 150 K and 140 K for S1 and S2 respectively (inset, Figure 7.3). The
blocking temperature TB (peak in ZFC curve) for the bigger nanoparticle (TB-S2 ~ 110 K)
is found to be lower than S1 (TB-S1 ~ 118 K). The real (in- phase) and imaginary (out-ofphase) components of ac magnetic susceptibility were measured by applying an AC field
of magnitude 10 Oe in the frequency range of 10 Hz – 10 kHz. The in-phase
susceptibility component (χ’) for sample S1 (Figure 7.4(a)) and S2 (Figure 7.4(b)) display
an anomalous response to frequency where the peak position is found to shift towards
higher temperature with lowering frequency (see arrows in figures). This trend is
inconsistent with various conventional spin glass [3] (SG), SSG [4] and cluster glass [5]
(CG) systems studies so far.
However, there are a few reports of similar anomaly in the ac-susceptibility
behavior for systems like NaNiO2 [6], SrRuO3 [7], and CeRhSn3 [8], which have been
attributed to a complex cooperative phenomena, but a clear understanding is lacking.
Interestingly, the out-of-phase susceptibility which is associated with magnetic energy
dissipation did not exhibit any frequency dependence (Fig. 7.4 (c), (d)). These results
cannot be explained by the usual Neel-Arrhenius or Vogel-Fulcher model and do not
exhibit any critical slow down, albeit suggests the presence of a complex glass-like
behavior.
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Figure 7.3 Zero-field cool (ZFC) and field cool (FC) magnetization for 13
nm (S1) and 30 nm (S2) particles measured under an applied field of 50
Oe. Inset: dM/dT vs. T curves to determine the Curie temperature (TC) for
both samples.
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Figure 7.4 (a) and (b) show the frequency and temperature dependence of
the in-phase (χ’) part of ac susceptibility, while (c) and (d) show the outof-phase (χ’’) part of ac susceptibility for both samples respectively.
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7.4 Magnetic relaxation
To investigate the nature of the glassy behavior, we performed magnetic
relaxation experiments following the protocol laid by Ulrich et. al [9]. The samples were
cooled to a desired temperature under magnetic fields of H1 = 500 Oe (Figure 7.5 (a, c))
and H2 = 50 Oe (Figure 7.5 (b, d)). Two different fields were chosen such that, one would
be sufficiently strong to align the magnetically soft moments along the cooling field (H1)
and the other (H2) would generate a relatively less perturbation to the magnetic state of
the samples. According to the Monte Carlo simulation, relaxation of the thermoremanent
magnetization mTRM(t) can be described by (i) stretched exponential decay at low particle
densities, (ii) a power law decay at intermediate densities, and (iii) relaxation towards a
non-vanishing remanent magnetization at very high densities [9] thereby, yielding
information about the anisotropy, dipolar interaction and polydispersion of nanoparticles
in the glassy state.
Eq. 7.1(a) represents the power law decay along with an additional term m 0. It
was later shown for superferromagnetic systems [1, 10], that a second relaxation term
(Eq. 7.1b) had to be superimposed at intermediate times to account for the increase in
magnetic moment.
(7.1a)
⁄

Here,

(7.1b)

is an estimate of a finite remanent magnetization that may be present as

the system (for high particle concentration) approaches a glassy ferromagnetic state.
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Figure 7.5 Time dependence of thermoremnant magnetization. Curves
showing relaxation of thermoremnant magnetization for (a, b) 13 nm (S1)
and (c, d) 30 nm (S2) particles when cooled to 30 K, 60 K and 90 K under
an applied field of 500 Oe and 50 Oe respectively.
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Both the equations are valid for n > 1. The relaxation in both S1 and S2 are well
described by Eq. 7.1b, where mTRM(t) shows a usual decrease at first followed by an
unique rise at intermediate times, which, is found to be independent of temperature and
cooling field. In case of S2, the intermediate rise is found to be highly diminished as seen
in Figure 7.5 (c, d).
Table 7.1 Parameters obtained by fitting Eq. 7.1b to the thermoremnant
magnetization curves in Figure 7.5 for 13 nm (S1) and 30 nm (S2)
particles.

Field

500 Oe

Sample

T

50 Oe

(K)

S1

S2

τ0

Adj.

(%)

(s)

χ2

n

τ0

Adj.

(%)

(s)

χ2

n

30

1.027

55

4530

0.994

1.049

84

3557

0.991

60

1.063

77

4887

0.999

1.088

89

4641

0.996

90

1.053

64

5386

0.999

1.047

68

5208

0.998

30

1.068

79

3863

0.999

1.010

44

2805

0.999

60

1.036

69

3686

0.999

1.093

88

4158

0.998

90

1.044

70

4781

0.999

1.02

47

4556

0.998
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Table 7.1 shows the fitting parameters with the Adj χ2 (≈ 1) values provided as a
figure of merit to show the goodness of fit.. The common features of m TRM(t) for both
samples are a (i) high remanance (m0 > 45 %) and (ii) ‘n’ is always greater than 1 and
almost constant in the entire temperature range. Although, there have been earlier
experimental reports of n > 1 in various systems [11, 12], no comment has been made on
m0 (remnant magnetization after infinite time). The nearly constant value of ‘n’ in the
entire temperature range is an indication of a true spin glass or a system of strongly
interacting particles with fixed diameter and concentration [12, 13]. However, the high
remnant magnetization (m0) is uncharacteristic of a spin glass system where Monte Carlo
simulations estimated it to be less than 5% even for a highly concentrated system [9].
On the other hand, extensive studies have been carried out in nanoparticle
assemblies and granular systems to understand ‘supermagnetism’ [14], in other words,
collective behavior of magnetic superspins. The relaxation in mTRM(t) for SSG systems
was characterized by the stretched exponential with n < 1, while more concentrated SFM
systems followed the power law yielding n > 1 [1]. Consistent with the above definition
(n > 1), one would speculate both our samples to be superferromagnetic in nature in the
entire temperature range, exhibiting high dipolar interactions and ‘m 0’ values. The
intermediate rise in mTRM(t) in case of S1 and S2 can be attributed to the post-alignment
of the particle moments inside the SFM domain [10]. This feature is suppressed in S2
owing to its significantly bigger particle size. We argue that if the particles are indeed in
true superferromagnetic state, then they should give a negative test to the memory effect
in the ZFC magnetization [15] which is peculiar to only spin glass or SSG systems.
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Figure 7.6 Memory effect measured under the zero-field cool protocol
with stop temperatures at 30 K, 60 K and 90 K for 13 nm particles (S1).
Inset of (a) shows memory effect under zero-field cool protocol for 30 nm
particles (S2).

135

We have performed the memory effect in ZFC magnetization with stops during
cooling. The magnetization was measured while reheating under an applied field. The
experiment was repeated for stops at different temperatures as shown in Figure 7.6.
Surprisingly, both samples showed a dip at the stop temperatures (30 K and 60 K) when
the applied field was 50 Oe thereby exhibiting a glass-like behavior. On increasing the
field to 500 Oe, the glassy state was lifted and no dip was observed. Interestingly, the
memory effect vanished at 90 K for both samples. It was demonstrated that the memory
effect in ZFC magnetization may be present in the case of interacting clusters of phase
segregated systems (PSS) [12], however, such systems exhibited strong temperature
dependence of ‘n’ in Eq. 7.1a. As mentioned above, in the case of our samples, ‘n’ is
almost constant in the entire temperature range (Table 7.1) which rules out the possibility
of varying ferromagnetic volume fraction with change in temperature resulting in altered
degree of frustration as seen in the PSS.
It is worth mentioning, that the present scenario can be interpreted as the
development of a reentrant super spin glass (RSSG) phase within the SFM state at low
temperatures (< 60 K) [16]. Earlier studies indicate that such a state can originate due to
random field domains, however, this is associated with a crossover from SSG (n < 1 at
low temperatures) to SFM (n > 1 for T < TC). Clearly, in our case, ‘n’ >1 in the entire
temperature range negates the above possibility.
In addition, the representative Cole-Cole plots for sample S1 presented in Figure
7.7 do not exhibit the typical flattened (i.e. down shifted) semi-circle of a SSG, rather,
distinct features associated with domain wall relaxation and ‘creep’ in SFM are evident
[1]. So the question to be answered is whether the ground state of the nanoparticles is
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SSG or SFM in nature, or do the above experimental results point to the presence of a
new magnetic state?
In order to interpret the results, a qualitative understanding of the SFM domain
and the domain walls separating them in the mesoscale becomes vital. A SFM domain is
analogous to a FM domain, except that the atomic moments in a FM are replaced by
moments of individual superspins.

Figure 7.7 Cole-Cole plots at 30 K, 60 K and 90 K obtained from AC
susceptibility curves for 13 nm particles (S1).
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As shown in Figure 7.8(a), a SFM domain is composed of single domain
nanoparticles represented by uniformly magnetized ellipsoids. The arrow in each
ellipsoid points to the direction of effective magnetization of the superspins, thereby
creating a net magnetization along a particular direction as indicated by the wide arrow
which we call the ‘supermoment’ of a SFM domain (Figure 7.8(a)). In a conventional
ferromagnet, adjacent FM domains are separated by domain walls (DW) of finite width.
The width of the DW depends on various factors like temperature, exchange interactions,
magnetic field, anisotropy etc. [17]. Based on this, we argue that there exists DW of finite
width separating SFM domains which plays a significant role. Earlier studies have
pointed out to the existence of SFM domain walls, but have failed to comment on their
width [14, 18]. Similar to the complex spin arrangement [17] in domain walls of
ferromagnetic materials, we postulate that the domain walls separating adjacent SFM
domains are composed of randomly oriented superspins and can extend up to a few tens
of nanometers in width as illustrated in Figure 7.8(b). Due to the random orientation of
the superspins, a dipolar glassy disorder is established within domain walls with no
preferential net magnetization along any direction. So at T

TC, the magnetization in the

mesoscale can be represented as shown in Figure 7.8(c), where the green SFM domains
are separated by the pink domain walls. The black arrow in each SFM represents the
respective ‘supermoment’ of that SFM domain. In this scenario, the following
phenomena can be identified; (i) Inter-SFM domain interactions, i.e. relaxation between
supermoments; (ii) Intra-SFM domain interactions to attain magnetic ground state which
is steered by the magnetic relaxation among superspins constituting the SFM domain;
(iii) SFM-domain wall dynamics associated with its propagation and (iv) Relaxation of
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superspins that constitute the domain walls. The above mentioned phenomena compete or
cooperate with each other depending on the temperature and magnetic field, and in this
light, we attempt to explain the anomalies in the magnetic response pointed earlier.
The high remnant magnetization (m0 > 45%) exhibited by both samples (Fig 7.5)
in the entire temperature range can be attributed to (i) above. We argue that such high
remnant magnetization (at infinite time) cannot be explained merely by the strong
coupling of the superspins within a SFM domain, but adapting from the mean field
theory, if the interaction term between two supermoments ‘J 0’ is large and positive, then
the system may exhibit a ferromagnetic phase [19]. If this term is not accounted for, then
the SFM domains will rearrange their supermoments by means of energy minimization
resulting in low remanance (m0). While (i) accounts for the high m0, the intermediate rise
in mTRM(t) for S1 (Fig. 7.5 (a, b)) emerges from (ii) which is suppressed in S2.
Inside the SFM domains, the superspins attain their equilibrium magnetization
(order parameter) on a longer time scale exceeding the quenching time [14]. This is
attributed to their relaxation towards higher collinearity against random anisotropies
which is evident for the smaller particles (S1) but in case of S2, this relaxation is
diminished owing to the stronger anisotropy of each superspin. This feature in mTRM(t)
curves for S1 is visible right below TC ~ 150 K (not shown). Subsequently, we believe
that the absence of surface crystalline disorder (Figure 7.2) or any surfactant layer on the
nanoparticles is a decisive factor for such high m0 values. Earlier reports on nanoparticles
in this size range, have suggested the presence of a non-crystalline surface layer around
the single crystalline cores resulting in the formation of a magnetic dead layer (MDL)
[20].
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Figure 7.8 Proposed superspin arrangements in ferromagnetic superglass.
(a) Schematic diagram of the collinear superspins, represented by
ellipsoids within a superferromagnetic domain. The arrow in each
ellipsoid points to the direction of spontaneous magnetization of each
superspin. The thick dotted arrow points to the direction of the
‘supermoment’ arising from the superferromagnetic domain. (b),
Schematic of superspins within a domain wall separating adjacent
superferromagnetic domains. The arrows in each ellipsoid points at a
random direction, thereby, yielding no net magnetization from the domain
walls. (c – e), Schematic diagram of the magnetic state of the samples for
temperatures T1, T2 and T3 less than Curie Temperature TC, such that T1<
T2< T3. The arrows in the green regions, point to the direction of
supermoments arising from superferromagnetic domains, and the pink
region represents the domain walls.
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The MDL consists of small ferromagnetic clusters of atoms. These FM clusters
interact antiferromagnetically with each other, thereby generating magnetic frustration.
This inhibits and suppresses the inter-particle interaction strengths, hence, favoring a
glassy ground state. Clearly, the magnetic decay responses of S1 and S2 are not affected
by the presence of any MDL.
At this stage we address the anomaly in the concurrence of the ZFC memory
effect associated with SSG systems (Figure 7.6) along with the SFM-like features
mentioned above for temperatures below 60K. As discussed earlier, the dipolarly
interacting superspins that constitute the domain walls cannot overcome the extreme
disorder and hence remain in the superglass state. This results in the occurrence of a dip
on reheating at the temperature at which the sample was stopped under zero field. In this
context, we would like to point out that, the ZFC memory effect is a necessary but not a
sufficient condition as a test for SSG systems [15]. Clearly, our samples are not SSG in
the true sense due to presence of high m0. For a system to be truly glassy, m0 should be
less than 5% [9]. This suggests to the development of a new magnetic state below 60 K
which we refer to as ferromagnetic superglass state (FSG). The salient features of the
FSG are, (a) n is always greater than 1, (b) remnant magnetization as t

(m0) should

be more than 40 %, and (c) positive test to ZFC memory effect experiment. Above 60 K,
the FSG state does not exist as both the samples fail to exhibit ZFC memory effect
(Figure 7.6), and we believe this may be related to higher thermal energy which does not
allow collective SSG-like behavior (superspins within the DW) to be imprinted in its
thermal memory.
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Finally, the anomaly in the

curves (Fig. 7.4 (a, b)) can be understood as

follows. Our results suggest that the positions of the peak temperatures in

curves

are not associated with the ac blocking temperature as seen in most systems [1]. This is
justified by the fact that we observe post alignment in S1 and high remnant magnetization
(m0) for both S1 and S2 for temperatures above the

peak positions, confirming the

presence of SFM domains up to their respective TC. Both of the aforementioned
properties are not consistent with characteristic superparamagnetic behavior. As the
temperature increases, the magnetic correlation of the superspins within a SFM domain
decreases which results into the breakdown of a larger SFM domain into smaller SFM
domains as illustrated in Figure 7.8 (d) and (e). So, as the temperature increases, the
average SFM domain size decreases, however, they increase in number. The peak
position of a

curve for a particular frequency is associated with the magnetization

reversal of supermoments. This merely means that the applied ac field of amplitude 10
Oe, is sufficient to reverse the magnetization of the supermoments at that temperature. As
mentioned above, the increase in the number of SFM domains with the rise in
temperature generates more randomly oriented supermoments, thereby, introducing
random fields, resulting in the development of intrinsic inter-domain magnetic disorder in
the system. This increase in the magnetic disorder with temperature rise slows down the
reversal dynamics of the supermoments explaining the anomaly in the

curves.

7.5 Conclusion
In summary, we evidence the existence of a new supermagnetic state called the
ferromagnetic superglass (FSG), which is characterized by overlapping features of SFM
and SSG, but, is distinctly different from the RFDS. The domain walls separating the
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SFM domains play a critical role in understanding the different magnetic responses. In
this regard, we demonstrate that a positive test to the ZFC memory effect in nanoparticles
is not exclusive to SSG systems; rather our results indicate that thermoremanant
magnetization relaxation experiments should also be performed before validating either
FSG (m0 > 40 %) or SSG (m0 < 5 %) state. We believe that our results in general can be
extended to other nanoparticle systems and hope our experimental results will invoke
further theoretical studies in this direction.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
8.1 Conclusions
In this dissertation, we have studied the magnetic properties of four
nanostructured materials synthesized by different chemical techniques. The core/shells
(Fe/γ-Fe2O3, Co/CoO) were synthesized by the thermal decomposition route, the
nanowires (La0.5Sr0.5MnO3) were grown hydrothermally, and the solid LaMnO3
nanoparticles were made by the sol-gel technique. We have investigated the EB effect
which is common to the core/shell Fe/γ-Fe2O3, Co/CoO nanostructures and the
La0.5Sr0.5MnO3 nanowires. We have studied the magnetocaloric properties of core/shell
Fe/γ-Fe2O3, and the La0.5Sr0.5MnO3 nanowires. The evolution of magnetic anisotropy of
the nanowires and the core/shell (Co/CoO) nanostructures has been studied. Systematic
magnetic relaxation experiments along with AC susceptibility measurements were
performed on the core/shells (Fe/γ-Fe2O3), the nanowires and the LaMnO3 nanoparticles
to probe into the glassy dynamics and collective behavior of these materials. Below we
list some of the important findings:
(i)

First experimental study on core/shell nanoparticles to distinguish and
identify the magnetic responses of the core and the shell separately.
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Bimodal energy distribution arising due to contributions from the core and
the shell is demonstrated.
(ii)

The criterion for onset of EB in core/shell nanostructures is that the core
must be in the magnetically frozen state, and the shell moments begin to
show blocking behavior. This is shown to be true for FM/FIM as well as
FM/AFM core/shell nanostructures.

(iii)

First experimental study on core/shell (Co/CoO) nanostructures to
understand the asymmetry in the two lobes of the EB hysteresis curve. A
systematic TS study revealed that the asymmetry in FC hysteresis loops is
intrinsic to core-shell nanoparticles and that its development is controlled
by the local anisotropy of the core and shell.

(iv)

Magnetocaloric study on the core/shell nanoparticles demonstrated that the
entropy change is sensitive to magnetic freezing and manifests as the
IMCE. The development of IMCE is attributed to magnetic freezing of the
spins into a highly anisotropic disordered ground state consistent with the
SSG state also exhibited by those particles. We show that the number is
peaks in the IMCE region correlates with the energy barrier distribution.

(v)

First demonstration of IMCE in single crystalline manganite nanowires,
followed by the re-entrance of CMCE at lower temperatures. Our results
conclusively demonstrate that the mere coexistence of FM and AFM
phases along with a disordered surface below their Néel temperature (TN ~
210 K), does not trigger EB, but, develops only below the surface spin
freezing temperature.
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(vi)

Discovery of a new collective state in magnetic nanoparticles called the
Ferromagnetic Superglass State (FSG). The characteristic features for
identifying such a state are mentioned, and a phenomenological model is
proposed to understand the origin of this state.

8.2 Future work
The results obtained in the different studies included in this dissertation lay the
foundation for further research. Below are listed certain questions/comments that should
be addressed for the systems studied. Research on some of them is currently being
conducted.
(i)

How do the magnetization dynamics and the energy barrier distribution in
the core/shell nanoparticles change with (a) particle size, (b) shell
thickness, (c) inter-particle distance, and (d) shape?

(ii)

Can the extent of asymmetry observed in the lobes of the FC hysteresis
loops be controlled by tuning the core and shell sizes?

(iii)

A comparative TS and MCE study on bulk, thin film, nanowire, and
nanoparticle form of La0.5Sr0.5MnO3 can be done to fundamentally
understand the impact of dimensionality on magnetic phase coexistence,
EB effect etc.

(iv)

The nanowires studied were randomly oriented. One can align the
nanowires and perform systematic magnetization studies. In particular, the
influence of alignment on MCE will be interesting.
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(v)

An alternate method to probe and image the FSG state (possibly low
temperature MFM) is important. Further theoretical and experimental
studies to understand the occurrence of this state is essential.
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